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C Global validation of ERS Wind and Wave Products

1. Introduction

The ERS-1 scatterometer winds were first used operationally in the ECMWF analysis when the
new 3 dimensional variational assimilation system was introduced at the end of January 1996,
Since then ERS-1 and subsequently ERS-2 scatterometer ambiguous winds retrieved using the
CMOD-4 retrieval have been assimilated continuously at ECMWE. A global dataset of colloca-
tions of surface observations, scatterometer winds and model winds was used to derive an
“ocean calibration” to remove any biases in the scatterometer measurements before their assim-
ilation. In November 1997 the operational assimilation system became the 4 dimensional vari-
ational analysis (taking into account the time of the observation) which studies have shown will
make even better use of the scatterometer winds. The benefits of the ERS scatterometer winds
in the analysis system are documented below and in the attached reports. In particular the im-
proved performance of the model in terms of skill in predicting the intensity and position of
tropical cyclones out to 5 days is clearly demonstrated. Plans were also made to assimilate the
NSCAT winds from ADEOS but the failure of the satellite in mid 1997 prevented this from be-
ing implemented.

After the successful calibration and a promising validation of the ERS-1 Radar Altimeler wave
and wind data ECMWF introduced mid August 1993 an optimum interpolation (O.1.) scheme
to improve the initial conditions for the medium range wave forecasts using quality controlled
Radar Altimeter wave observations. With the launch of ERS-2 a second source of Radar Altim-
eter wave and wind data became available for a period of almost 14 month. During the ERS-2
commissioning phase this allowed for a cross calibration between ERS-1 and ERS-2 using EC-
MWEF atmospheric and wave model results as a reference standard. The validation studies re-
vealed that the ERS-2 Radar Altimeter wave heights were higher than those of ERS-1 by 8-9%
and showed a better agreement with the wave model data and buoy data than ERS-1 data. Al-
though there was in general good agreement a detailed analysis showed that the Radar Altimeter
wave height retrieval should be sea state dependent. A corrective scheme that uses the first guess
wave model spectra has been proposed and tested on simple cases. Also, consequences of the
sea state dependence for the Radar Altimeter range measurement have been explored. Further-
more, comparison of ERS-2 Radar Altimeter wind speed with ECMWF surface winds revealed
initially serious biases in the Radar Backscatter. After corrective action by ESA a good quality
wind product resulted.

The validation studies resulted in the substitution of the ERS-1 Radar Altimeter wave observa.
tions by those obtained with ERS-2 in the O.I. scheme from April 1996, The change from ERS-
| to ERS-2 had a considerably positive impact on the wave analysis and wave forecast in the
Tropics; wave forecast verification scores against analysis showed a considerable reduction in
the bias of the forecast wave height suggesting a better balance between analysis and forecast.
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The contract provided partial support for D. Le Meur and L. Isaksen for the scatterometer wind
validation and B. Hansen for the Radar Altimeter and SAR wave validation studies for the pe-
riod from Jan 1996 to Dec 1997.

This final contract report summarises the main work carried out during the contract. The de-
tailed scientific results are attached as annexes. The report is divided into sections on the scat-
terometer related work and the Radar Altimeter/SAR work. A list of meetings attended and
papers written is given at the end.

2. - Validation of ERS-2 scatterometer winds

2.1 - ERS-2 scatterometer commissioning phase

The first task of the project was the commissioning of the ERS-2 scatterometer from January to
March 1996. The ECMWF contribution was to provide monitoring reports providing systematic
comparisons between the scatterometer products and the first guess wind data from the EC-
MWF Numerical Weather Prediction (NWP) model analyses and short range forecast fields.

The commissioning reports, delivered on a weekly basis during the first 35-day repeat cycle of
the commissioning process and thereafter every two weeks, were helpful to identify and solve -
the underestimation problems in sigma noughts that affected the ERS-2 UWI retrievals since
their release in November 1995. The so-called “ocean calibration” procedure described in An-
nex B. allowed antenna biases to be derived from the first week, and these remained valid until
the end of the commissioning phase. Moreover subtracting these biases from the raw backscat-
ter measurements demonstrated, well before the final engineering calibration, that wind prod-
ucts of a similar quality to those of the ERS-1 instrument could be obtained from ERS-2.

The full results from these monitoring activities and the impact studies carried out are described
in the geophysical validation part of the commissioning report part of which is attached as An-
nex A and also in the paper attached as Annex C.

2.2 - Routine Monitoring

Another key task was the production of monitoring reports on the operations of the ERS-1 and
ERS-2 scatterometers. These reports were supplied on a monthly basis until September 1997,
and since then for every 35-day repeat cycle at the request of the ESRIN Product Control Serv-
ice. For ERS-2 the routine monitoring phase started after the completion of the commissioning
in March 1996, whereas in the case of ERS-1 the monitoring continued until the switch-off of
the instrument in June 1996.

Although the ERS-1 scatterometer performance proved to remain remarkably stable in time, the
monitoring information was still useful to deal with initial calibration problems regarding the
ERS-2 data. In particular, the “ocean calibration” process was once again valuable to confirm
and assess the negative sigma nought bias that occurred after the transfer to the redundant on-
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board electronics system in August 1996, ESRIN relied on the ECMWE input to define an ap-
propriate correction in the scatterometer look-up tables. ESRIN were also grateful for the feed-
buck that was obtained in near real time from ECMWF after the implementation of this
correction, as well as that of other similar changes to their operational data processing.

The ECMWEF routine monitoring was also used to highlight any problems arising in the quality
of the data or in the format and timeliness of the products provided by ESA to other users. For
example the consequences that occasional orbital maintenance manoeuvres can have on the
scatterometer wind speeds was demonstrated. This has resulted in ESA now notifying users of
such events well in advance. The use of the corrupt data by the NWP model also led to a revised
quality control scheme being developed at ECMWF (v automatically identify periods of large
anomalous sigma nought departures. The issue of the reduced data coverage that often results
from the operation of the Active Microwave Instrument in SAR image mode in coastal areas
was also recently raised due to the model's inability to identify tropical cyclone Pauline off the
Mexican coast. This was partly due to the lack of scatterometer coverage in this area. Sugges-
tions have been made to improve the scatterometer coverage especially in critical situations such
as tropical cyclones which can on many occasions be forecast up to 5 days in advance.

2.3 - Production of collocation files

In addition to the monitoring activities mentioned above, systematic collocations were made
with the conventional surface wind observations from ships and buoys assimilated by the EC-
MWF model to help the calibration and validation of the scatterometer products. Collocation
files were produced every 6 hours according to the format agreed in a previous contract (No.
9097/90/NL/BI), starting from 1995 for the ERS-1 scatterometer and 1996 for the ERS-2 instru-
ment.

These collocation files were mainly used to re-assess the wind calibration of the CMOD#4 trans-
fer function in collaboration with Ad Stoffelen (KNMI). This turned out to be a vital tool for the
assimilation of the winds, especially in the case of high wind speeds. A triple collocation anal-
ysis was performed for that purpose, by considering the model fields interpolated to each dual
collocation between conventional observations and scatterometer data. The error estimates de-
duced from that analysis were then applied to the derivation of a wind speed bias correction by
direct regression between all the collocated scatterometer and model data available. A sigma
nought bias correction, established by “ocean calibration”, was also implemented to refine the
fit of the transfer function in the measurement space and compensate for any instrumental cali-
bration problems such as those with ERS5-2 in the summer of 1996. The new calibration scheme
obtained for CMOD4 was implemented in the ECMWF model in September 1997 and suggest-
ed to the members of the ASCAT Science Advisory Group (SAG) as a possible basis for the de-
velopment of a new transfer function (CMODS). The new scheme is described in more detail in
Annex B.

Collocation files were also produced more recently (from January 1997 onwards) with addition-
al data from the wave model, WAM, run at ECMWE, The main application here has been to in-
vestigate the effects of sea-state on the scatterometer measurements. A clear influence of the
signiﬁcant wave height has already been found on the wind retrieval at low incidence angles,
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with a substantial impact in terms of wind speed. This result, also reported within the ASCAT
SAG, should soon be the subject of a further refinement in the processing of ERS scatterometer
data before assimilation in the ECMWF model.

2.4 - Improvements to use of scatterometer data and impact studies

In addition to the calibration studies described above, research was also undertaken to assess the
impact of ERS scatterometer data on NWP analyses and forecasts using the ECMWF model.
Changes in the data preprocessing and assimilation were always tested in impact experiments
to show the benefits for the analyses and forecasts.

An important step in this respect was when the ERS-1 ambiguous winds were introduced in the
ECMWF model at the same time as the new 3D-Var analysis scheme in January 1996. The im-
plicit ambiguity removal provided by the 3D-Var method was shown to represent a significant
improvement with respect to the statistical filter used in the old preprocessing scheme (PRES-
CAT). Clear improvements . were found in the sea-surface wind analyses with a positive impact
on the short range forecasts especially in the Southern Hemisphere.

A new area of investigation concerned the role played by the data coverage of the instrument in
these results and the gain that could be expected from using multiple or double-swath scatter-
ometers. The tandem operations of the ERS-1 and ERS-2 scatterometers in the first half of 1996
and the assimilation experiments that had already been performed for validation purposes with
the ERS-2 data in that period were taken as an opportunity to study this aspect. Four assimilation
experiments were carried out over the first week of April 1996, using either no scatterometer
data, ERS-1 or ERS-2 data only or both ERS-1 and ERS-2 data. The comparison of the different
first guess wind fields obtained with the scatterometer data before assimilation showed that the
respective improvements observed in the sea-surface wind analysis with the ERS-1 and ERS-2
data were basically complementary when both scatterometers were used at the same time. No
significant redundancy could be seen on average in spite of the 24-hour orbit phasing between
both satellites, and some synergistic effects could appear in the most significant impact cases.
A similar complementarity was found when studying the forecast performance. Here the gains
associated with each single assimilation case tended to be added in terms of anomaly correlation
scores in the tandem case whatever the geographical area, and the impact became clearly posi-
tive around forecast day 6 in average over the Northern Hemisphere while it was close to neutral
when only one scatterometer was used. The results of this work are described in more detail in
the paper attached as Annexes C and E.

Special attention has also been given to the impact of scatterometer data on analysing and fore-
casting tropical cyclones, given its importance for communities threatened by such events. Ded-
icated studies were first performed to investigate the impact of using ERS-1 scatterometer data
together with the 3D-Var analysis scheme for analysing and forecasting such events with the
ECMWF model during the summer 1995 hurricane season over the tropical Atlantic. Assimila-
tion experiments run with the scatterometer data and 3D-Var were compared with the operation-
al outputs obtained without these data using an optimum interpolation analysis scheme in the
case of hurricanes Humberto, Karen, Iris and Luis. The study of the cyclone centre position in-
ferred from the maximum of vorticity at 350 hPa showed systematic improvements when fhe

L
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scatterometer data were assimilated, with averaged reductions in positional error from 173 km
to 111 km in the analyses and from 216 km to 161 km in the 24 hour forecasts respectively, tak-
ing the observations from the U.S National Hurricane Centre as a reference. Furthermore the
cyclone structure appeared to be better described in the presence of the ERS-1 observations,
with stronger winds at shorter distances from the centre especially in the case of Luis. The re-
sults of this work are described in several papers and reports listed in section 5, A paper on this
work is attached as Annex D.

ECMWEF has started to use a 4-dimensional variational analysis system (4D-Var) in November
1997 which can make better use of satellite data due to their asynoptic observation times. A
number of impact studies have been performed to study the impact of ERS-1 and ERS-2 scat-
terometer data in 4D-Var. Despite the relatively narrow swath of the scatterometer compared to
TOVS for example it has been shown that scatterometer winds have a positive impact on the
analyses and forecasts in the autumn/winter periods when weather systems are most intense.
This is in spite of the coverage of conventional data. The scatterometer data makes it possible
to identify mid-latitude cyclones earlier over the oceans and to give a better measure of the in-
tensity of cyclones already identified. The impact of scatterometer data on extratropical areas is
documented in the report in Annex E.

A new set of assimilation experiments to investigate the impact of ERS scatterometer winds on
analyses and forecasts of Atlantic hurricanes was recently carried out using 4D-Var. The use of
ERS5-data near the centre of the four hurricanes during the summer 1995 period was carefully
investigated. The position and intensity of the hurricanes were identified in both analyses and
medium range forecasts with or without use of ERS scatterometer data. The general conclusions
are that hurricane analyses and forecasts are improved in most cases when ERS-data is available
in the vicinity of the hurricane. The improvements are biggest when the scatterometer ‘hits’ the
hurricane during the pre-mature phases. Fortunately this is when it is most important because
hurricane warnings can be issued earlier to the public., Figure 1 is a dramatic example of the im-
pact of scatterometer data on the 5 day forecast of hurricane Luis. The top panel shows the fore-
cast from the old assimilation system (OI) without scatterometer data, the middle panel using
the 4D-Var system but without scatterometer data and the bottom panel with scatterometer data
included in the 4D-Var assimilation. Figure 2 shows the verifying analysis for these 5 day fore-
casts. The improvement in the forecast with the scatterometer data is clear. It is planned to write
this work up as a refereed paper in the near future
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FIGURE 1. ANALYSIS WITH NO ERS-1 DATA (WHICH WAS THE OPERATIONAL, SYSTEM AT THE TIME) IN THE
UPPER PANEL, FOR THE 4D-VAR ANALYSIS WITH NO ERS-1 DATA (MIDDLE PANEL) AND THE 4D-

VAR ANALYSIS WITH ERS-1 DATA (BOTTOM PANEL)
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A)

FIGURE 2. A) THE ANALYSED MEAN SEA LEVEL PRESSURE FIELD FOR 6 SEP (995 CORRESPONDING TO THE
5 DAY FORECASTS SHOWN IN FIGURE 1, B) THE 5 DAY FORECAST FIELD VALID AT THE SAME TIME
FOR 4D-V AR WiTH ERS- 1 DATA,
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3. Validation of Radar Altimeter and SAR products

3.1 - Radar Altimeter

3.1.1 Commissioning Phase

‘For the commissioning phase a group of 48 members of the altimetric community, the ERS-2
Radar Altimeter and Microwave Radiometer Commissioning Working Group (ERS-2 RA
&MWR-2 CWG) was e ablished May 1994 in order to jointly perform the calibration and val-
idation.

After the successful launch of ERS-2 by Ariane 4on Friday 21 April 1995 1:44 GMT the Radar
‘Altimeter (RA) was initiated 3 days later on Monday 24 April 1995 12:30 GMT and first test
data were transmitted to ECMWTF for inspection and for testing the transmission facilities on 29
April 1995. These data were generated during the payload switch-on test performed between 28
and 30 April 1995. The full calibraton and validation within the commissicning phase lasted
from 29 April 1995 until 27 August 19953 to cover three 35-day repeat cycles. Throughout this
period ECMWF generated weekly reports and made them available to the ESR-2 RA & MR
CWG.

Initially only the surface winds (U.;) and the significant wave heights (H,) as observed by the
RAs onboard ERS-1 and ERS-2 were compared with modelled values. Since the U, observa-
tions from ERS-2 were initially of a very poor quality (biased low by almost 5Sm/s when com-
pared with ECMWT analysed surface winds) histograms of the underlying backscatter signals
(o,) were also produced to allow a better identification of the problems. Based on the compari-
son of the o, of the two instruments the antenna gain bias for ERS-2 could be determined and
when applied reduced the bias in U., to -0.75m/s when compared with ECMWF analysed sur-
face winds.

The ERS-2 H, observations were frcm the first day of remarkable good quality when compared
with first-guess modelled wave heights. When compared with ERS-1 H, data a higher cut off for
the low wave heights appeared for ERS-2. At the end of the commissioning phase using the
wave model results as transfer standard it was found that ERS-2 H, were 8 to 9% higher than
those from ERS-1.Annex F contains the summary report of ECMWF for the commissioning
phase. '

3.1.2 Operational Phase

Since 17 August 1995 ERS-2 Radar Altimeter is in routine operations and the fast delivery prod-
ucts are available to the user community. Since then ECMWF monitored the quality of the wind
and wave products for both satellites on a daily, weekly and monthly basis until ERS-1 was
phased out 17 June 1996. The monitering continued for ERS-2 only.

3. Vaiidation of Radar Altimeter and SAR >roducts 9
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Assimilation studies (Annex G) carried out early 1996 for the period of December 1995 dem-
onstrated that the use of ERS-2 Radar Altimeter wave data in the analysis improved the quality
of analysed and of forecasted wave heights when compared against boy wave height data as well
as the quality of the wave forecast when compared against its own analysis.The operational use
of ERS-2 in the wave analysis was subsequently introduced 30 April 1996 and therefore re-
placed ERS-1. The paper attached as Annex J provides detailed results of the improvements to
the wave analysis and to the wave forecast after April 1996 and confirmed the results found in
the assimilation studies (Annex G).

During the first year of the operational phase fine tuning of the wind and wave observations con-
tinued. One objective was to enhance the wave height correctness in the range 0-1 meter by re-
calculating the two parameters , and «; used in the retrieval of H, in the fast deliver product
generation. None of the proposed modifications found a common agreement within the CWG
so that the situation remained unchanged throughout the lifetime of ERS-2. See Annex H for
more detailed information.

Another objective was to resolve some discontinuities in the o, distribution and to further im-
prove the quality of the U,, observations which still were biased low by -0.8m/s. Investigations
revealed a shortcoming in the processing of the data which has been improved since. Further-
more another bias correction to the o, observations was applied. The resulting observed winds
were then biased low by -0.26m/s when compared with modelled surface winds and were on
average 9% higher than those from ERS-1. See Annex I for further information.

Finally it could be shown that the retrieval of H, in the fast delivery product (FDP) generation is
dependent on the sea-state. For steep waves, namely young wind seas between 2 and 5 m high,
it was found that the Radar Altimeter underestimates H, by as much as 0.5m. The details of this
study are attached as Annex J,

Starting from these results more attention has been paid to the theory of the retrieval of the sig-
nificant wave height from Radar Altimeter return echoes (wave forms) as well as the range de-
termination. The current retrieval algorithm used with ERS-2 is based on the assumption that
the sea surface elevation has a Gaussian probability distribution. It has been shown that this as.
sumption can only be made for waves of small slopes. For steep waves the probability distribu-
tion of the surface elevation becomes asymmetric about its mean with an increase in skewness
depending on the nonlinear dynamics of the ocean waves. Based on the work of Srokosz (1986)
who provided a comprehensive theory on the form of Radar Altimeter wave forms due to non-
linear waves Guymer & Srokosz(1986) attempted to obtain correction parameters from Radar
Altimeter waveform data to determine the sea-state bias and concluded that the estimates are too
noisy to be useful. Furthermore the current operational RA FDP do not contain complete wave
forms. We therefore decided to investigate how modelled two dimensional wave spectra could
be used to determine the correction parameters. For this purpose we performed simulations with
a single grid point version of the WAM model. For the first six hours of the simulation the forc-
ing wind was kept constant at 18.45 m/s, followed by a turn in wind direction by 90° and a de-
crease in wind speed to 5 m/s. We therefore obtained wind sea spectra from different growth
stages of the sea from the first six hours and swell spectra of different stages of decay thereafter.
These spectra were then used to determine corrections to the wave height retrieval (fig. 3) and

3. Validation of Radar Altimeter and SAR products 1
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range determination (fig 4). Figure 3shows the time evolution of the relative correction to x; and

figure 4 shows the absolute correction to the range. Figure 4 also shows the sea state dependence
of the correction factor o. Usually « is kept constant at a value of 0.064, a value appropriate for
old wind sea. Especially for young wind seas our results suggest a considerable correction to k,
leading to 10-15% higher waves. For the more linear sea states of swell the correction to «, is
relatively small. Our results to the range determination show that ranges for wind sea cases may
be 5 to 10 c¢m shorter than those obtained with standard corrections.

1.3+

1.1
K1

0.9

0.7 — e
quratiéniny  '° 24

FIGURE 3. TIME EVOLUTION OF THE K; CORRECTION
Ujq = 18.45 m/s, turns and drops to 5 m/s at t=6 hrs.

During the operational phase we also started to compare ERS-2 Radar Altimeter wave and wind
data with wind and wave measurements from moored buoys. Since December 1996 the monthly
reports include the corresponding statistics and scatter diagrams. A timeseries of the monthly
statistics scatter index and bias can be found as Annex K.

3.Validation of Radar Alfimeter and SAR products 11
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FIGURE 4, TIME EVOLUTION OF RANGE CORRECTION
Ujg = 18.45 m/s, urns and drops to 5 m/s at t=Ghra

3.1.3 Produets and Coloeation files

The extensive daily, weekly and monthly monitoring and verification results were made availa-
ble to the staff at ECMWF for verification. Part of the monthly monitoring results were used for
reports sent to ESA. Intermediate data files of relevance as well as final collocation files are per-
manently archived and can be used for further studies. These are the quality controlled raw data
and the collocated averaged data. For the latter in time and space interpolated wind and wave
data from the first guess and from the analysed fields of the ECMWF atmospheric and wave
models are collocated with along track averages of the wind and wave observations from ERS-
2. Since December 1996 quality controlled and averaged wind and wave observations from
moored buoys are included. A detailed description of the contents of these files can be found as
Annex L.

3.2 - Synthetic Aperture Radar (SAR)

There was no dedicated campaign to calibrate or validate the ERS-2 Synthetic Aperture Radar
(SAR) wave mode data as was done for the Radar Altimeter of ERS-2.

3. Validation af Radar Altimeter and SAR products 12
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First SAR wave mode spectra (254) arrived at ECMWF from three orbits between 25 and 26
April 1995. The delivery of spectra commenced on 24 May 1995 but with only one orbit worth
of spectra per day during the entire tandem mission. In the first month of the commissioning
(May 1995) about 1000 spectra arrived at ECMWF and have been successfully used in the SAR
inversion processing chain. The obtained H, values have then been compared with modelled first
guess data on a daily and on a weekly basis and showed to be biased high by only 0.1m with a
symmetric slope of 1.06 and a scatter of 15%, thus agreeing better with the model than those
from ERS-1 which have been obtained with an older version of the retrieval package which pro-
duced too high waves when compared with wave model data. About 12200 spectra arrived dur-
ing the period 1 May 1995 and 27 August 1995 when the commissioning of the ERS-2 Radar
Altiihieter finished and the monitoring showed that the SAR operated stable.

Throughout the current lifetime of ERS-2 the SAR wave mode images have been used to pro-
duce observed two-dimensional wave spectra in near real time. The H, values derived from those
wave spectra have then been used to verify the daily operational wave analyses. Consequently
the performance of the sensor has beeri monitored automatically at the same time and showed
that the SAR wave mode spectra were of constant and good quality.

As aresult of these activities a comprehensive archive of collocated SAR image wave spectra,

wave spectra from the wave model WAM and observed wave spectra has been build and is avail-
able for further research.

4. Meetings attended

- Participation in the ERS-2 Radar Altimeter and Microwave Radiometer Commissioning
Working Group Meetings No. 7, 9 and 10, from July 1995 to April 1996 (Bjorn Hansen and Pe-

- ter Janssen).

- Participation in the ASCAT Science Advisory Group meetings No. 9 to 12, from February
1996 to October 1997 (Didier Le Meur).

- Participation in the final meeting of the ERS-2 scatterometer commissioning working group
held at ESTEC, 26-27 March 1997 (Didier Le Meur).

- NESDIS workshop on the operational use of scatterometer measurements held in Alexandria,
22-23 April 1996 (Didier Le Meur, oral presentation).

- 3rd IFREMER workshop on the ERS applications held in Brest, 18-20 June 1996 (Didier Le
Meur, oral presentation + paper).

- 3rd ERS symposium (Florence, 18-21 March 1997): (Didier Le Meur, oral presentation + ab-
stract); Lars Isaksen (oral presentation + paper).

- CEOS Wind and Wave Validation Workshop (Noordwijk, 3-5 June 1997): (Peter A.E.M.Jans-
sen, oral presentation + paper).
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5. Papers and Reports

ERS-2 scatterometer commissioning report. Geophysical validation part (Annex A).

Isaksen, L. “Impact of ERS scatterometer data in the ECMWF 4D-Var assimilation system -
Preliminary studies” Proc. of the 3rd ERS symposium (Florence, 18-21 March 1997)

Isaksen, L. “Impact of ERS scatterometer winds in ECMWF's Four Dimensional Variational
Assimilation System™ Paper in WGNE's “Research Activities in Atmospheric and Oceanic
Modelling” (1998) '

Le Meur, D. Gaffard C. and Saunders R. “Use of ERS scatterometer data at ECMWF" Proc. of
3rd IFREMER workshop on the ERS applications held in Brest, 18-20 June 1996 (Annex C)

Le Meur, D., Isaksen, L. and Stoffelen, A. “Wind speed calibration of ERS scatterometer data
for assimilation purposes at ECMWEF" Proc. of CEOS wind and wave validation workshop held
at ESTEC, 3-5 June 1997 (Annex B)

Tomassini, M., Le Meur, D. and Saunders R, *“Near-surface satellite wind observations of hur-
ricanes and their impact on ECMWF model analyses and forecasts™. Paper in Monthly Weather
Review, special issue on Atlantic hurricanes, February 1998 (Annex D).

Undén, P, Kelly, G., Le Meur, D. and Isaksen L. “Influence of observations on the operational
ECMWEF system” ECMWF Research Dept. Tech. Memo 244 Dec 97. (Annex E).

Isaksen, L. “Impact of ERS scatterometer winds in ECMWF's Four Dimensional Variational
Assimilation System” Paper in WGNE's “Research Activities in Atmospheric and Oceanic
Madelling™ (1998)

Bidlot, J.-R., Hansen, B., Janssen, PA.E.M. “Wave modelling and operational forecasting at
ECMWE", Paper in Operational Oceanography. The challenge for european co-operation. Pro-
ceedings of the First International Conference on EuroGOOS, 1997,

Janssen, PA.E.M., Hansen, B., Bidlot, J.-R. *Validation of ERS satellite products with the
WAM model™ Presented at CEOS wind and wave validation workshop ESTEC, 3-5 June 1997
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ANNEX A

. ERS-?2 scatterometer commissioning report. Geophysical validation part
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ERS-2 scatterometer commissioning report
Geophysical validation part
ECMWEF contribution
Introduction

The ECMWE contribution to the commissioning of the ERS-2 scatterometer was two-fold. On
the one hand, the scatterometer data were monitored by comparison with First Guess at Appro-
priate Time (FGAT) winds from the Centre s Numerical Weather Prediction (NWP) system. On
the other hand, they were assimilated in it through dedicated experiments, to assess their impact
on NWP. This section reports on the validation results obtained, after a short presentation of the
ECMWEF forecast system and the pre-processing procedure PRESCAT applied to re-process
and quality control the scatterometer data. Results from previous assimilation experiments per-
formed with ERS-1 are also reminded, concerning both the impact of the data on NWP within
the ECMWF forecast system and their subsequent utility for numerical wave modelling using
the WAM model.

1- Generalities
1.1 - The ECMWF forecast system

The ECMWEF forecast system consists of two components : a general circulation model and a
data asmmﬂatmn system. The general circulation model (see Ritchie et al., 1995 for details) is
a spectral, primitive equations model with a truncation of T213 - i.e. an horizontal resolution of
about 60 km - and 31 vertical levels, using a semi-Lagrangian time integration with a step of 15
. minutes. It includes a comprehensive set of physical parametrizations, representing processes
such as convection, clouds, radiation, friction and diffusion.

The data assimilation system combines every 6 hours (synoptic times O, 6, 12 and 18 UTC) the
observations available with the model 6 hour forecast (so-called first guess) into an analysis that
is used as an initial state for the next forecasts. The process is said to be multivariate : for exam-
ple, measurements of wind will not only influence the model wind field, but also the associated
mass field, through a latitude dependent application of geostrophy. Moreover, the model fore-
cast error is assumed to be spatially correlated, so that the differences between the observations
~ and the first guess (observation increments) will be spread both in the horizontal and the vertical
to determine the corrections to apply at each grid point to update the model state (analysis in-
crements). Data from conventional reports (SYNOP, AIREP, DRIBU, TEMP and PILOT) and
from satellite reports (cloud motion winds from geostationary imagery SATOB and temperature
and humidity soundings from the TOVS sounder) are used for the geopotential height and wind
analysis. The analysis of specific humidity relies on TEMP and TOVS observations, and that of
temperature is derived from the geopotential height analysis through the hydrostatic equation.

A major change was made in the ECMWF assimilation system on 30 January 1996, when the
Optimal Interpolation (OI) analysis scheme (Lorenc, 1981) was replaced by a new three-dimen-
sional variational (3D-Var) method (Courtier et al., 1993). In 3D-Var, the observations are mer-
ged with the model first guess through the minimization of a cost function. Compared with OI,
one main advantage is that this allows to handle data that are non-linearly related to the analysed
quantities. Satellite radiance measurements can thus be assimilated directly. Moreover, the con-




trol of the noise level in the analysis (gravity waves) is done implicitly within the cost function,
vielding & more general balance constraint between the mass and wind fields than the seperate
initialization step needed in OL

Another important change that occurred in the ECMWF assimilation system together with the
implementation of the 3D-Var analysis scheme is that of the ERS-1 scatterometer data, As de-
tailed below, ERS scatterometer data are assimilated in the 3D-Var context as pairs of ambi-
guous wind vectors, leaving the minimization process select the most appropriate direction, and
their introduction in the case of ERS-1 had a positive impact on the analysed and first guess sur-
face winds, resulting in a significant improvement of the short-range forecasts in the Southern
Hemisphere.

The ECMWF winds considered hereafter for the processing and monitoring of ERS scatterome-
ter data are 10 metre winds from the model’s First Guess at Appropriate Time (FGAT), which
is an interpolation of the current 3 hour, 6 hour and 9 hour range forecasts at the scatterometer
measurement time. First guess winds have turned out to compare better with the scatterometer
observations than analysed winds because of mass-wind imbalances left by the analysis process
in the surface fields : these imbalances, present both with the 3D-Var and Ol methods, are sol-
ved by the model physics after a few hours, leading to a better accuracy of the surface winds
from short range forecasts. Furthermore, the use of data defined at the right time, allthough not
necessary in the case of slow-moving, large-scale wind structures, has been found essential for
that of rapidly moving systems, causing large phase errors in the first guess at synoptic times.

In practice, the changes made in the assimilation system at the end of January 1996 had little
effect on average on the monitoring activities carried out from FGAT winds : from the results
of the pre-operational impact studies, only a reduction in the order of 3 % in a vector Root Mean
Square (RMS) sense could be expected in the difference between model and scatterometer wind
due to the introduction of the ERS-1 data.

1.2 - The PRESCAT pre-processing

ERS scatterometer data have been re-processed and quality controlled in real time at ECMWF
since July 1994, within a procedure called PRESCAT and meant as a pre-processing step to
their operational assimilation. This procedure was developed from ESA’s wind retrieval and
ambiguity removal scheme, called CREO (Cavanié and Lecomte, 1987), but several changes

were made to improve it, leading to a quite different processing (see Stoffelen and Anderson,
" 1995 for details),

The inversion method was first reconsidered. The Maximum Likelihood Estimator (MLE) used
in CREO to minimize the distance between the scatterometer measurements and the CMOD4
transfer function was found to introduce a distortion of the backscatter space, previleging cer-

tain directions in the retrieval process. As a result a new MLE was implemented, computing the
distance in the transformed space defined by z = (c“) 5. where the cone described by CMOD4
is nearly circular and gives a uniform distribution of retrieved directions. Moreover only two
solutions were kept, basically that with the smallest MLE residual and the first one in the oppo-
site direction,

The ambiguity removal scheme was also revised. Because of operational constraints, CREO
uses only 18 hour to 36 hour range forecasts from ECMWF as a background information and
therefore relies strongly on the ranking of the retrieved solutions as a function of their MLE va-



lues to select the right direction (autonomous ambiguity removal). Unfortunately, the upwind/
downwind sensitivity is less than expected, and the process turns out to fail to provide a solution
in about 30% of the cases. Also PRESCAT takes advantage of the real-time availability of the
ECMWEF short-range forecasts to give more weight to model data. It uses FGAT winds as.a bac-
kground, that already remove 95% of the ambiguities by direct comparison. Most of the remai-
ning ones are then sorted out by means of a vector statistical filter propagating the information
from the areas where the confidence in the selected solution is high to areas with a lower con-
fidence.

The quality control was finally extended. The check of the quality information provided by ESA
(including Kp noise values and missing packet counters) was just made a preliminary step. The
application of a refined land-sea mask and a sea-ice screening deduced from the ECMWF Sea-
Surface Temperature (SST) analysis - with a threshold of 0° C -,allows to reject typically 15 %
more data. Moreover, two additional checks are performed on the retrieval residual (MLE of the
rank 1 solution), so-called «normalized distance to the cone». On the one hand, this quantity is
kept smaller than 3 (3-standard deviation test), to avoid cases of geophysical effects not explai-
ned by the transfer function such as rain, generally located at fronts or close to low pressure cen-
tres. On the other hand, it is also forced to remain limited on average over 6 hours for each node;
instrumental problems can thus be detected, that relate to the measurement geometry and affect
larger areas.

In addition to performing wind retrieval and ambiguity removal, PRESCAT allows monitoring
statistics to be produced from the collocations performed between scatterometer and FGAT da-
ta. Different procedures have thus been implemented for the ERS-1 scatterometer, and shown
their utility both to follow the performance of the instrument in time and to calibrate and vali-
date its measurements immediately after launch. These procedures were naturally applied to the
commissioning of the ERS-2 scatterometer.

2 - Monitoring results
2.1 - Antenna biases

A first monitoring procedure developed from the PRESCAT outputs consists of a comparison
per beam and node between the backscatter values measured by the scatterometer and those si-
mulated applying the transfer function to the FGAT winds. Special care is taken to remove any
directional dependency in the process, in order to reflect as much as possible changes in the

" mean intensity given by the instrument, independently of the geophysical variability or of the
possible errors due to CMODA4. For that, the data are filtered so as to ensure an uniform model
wind direction distribution over the full range of wind speeds, and statistics are computed in the
transformed space defined by z = (6%)%62, An «ocean calibration» can then be established, pro-
viding an estimate of the antenna sigma nought biases as a function of incidence angle, similarly
to the engineering calibration performed in terms of gamma nought from measurements over
the rain forest.

This calibration method was applied every week with the data retained by the PRESCAT quality
control from the switch-on of the ERS-2 scatterometer at the end of November 1995, separating
the satellite”s ascending and descending tracks to better check the stability of the results. The
positive biases expected in the backscatter measurements were thus confirmed quickly, and
their variation as a function of incidence angle characterized for each beam, with values ranging
between 1.5 dB and 3 dB with respect to the model simulated data and being larger at low inci-




dences (Figure 1). The problem was moreover shown to be stable during the two first cycles of
the commissioning process, by repeating the test in every monitoring report after correcting the
measurements from the biases derived with the first week of data (Figure 2). Finally, after the
implementation of new Look-Up Tables (LUT) by ESA for the third cycle on 19 March; the an-
tenna biases were found quite similar to those obtained with the ERS-1 scatterometer, with ove-
rall close and flat profiles within + or - 0.2 dB and a slight decrease for the fore and aft beams
at incidence angles below 35 degrees, but a little more undesirable oscillations for the mid beam
(Figures 3 and 4). The distinction between ascending and descending tracks indicated no signi-
ficant difference in those results, except a tendency for the fore and aft beams to be biased a
little higher (by 0.1 to 0.2 dB) on descending tracks, which could also be observed for the ERS-
1 instrument,

2.2 - Distance to the cone and quality control scores

Another procedure set up from the PRESCAT outputs for the ERS-2 scatterometer commissio-
ning and previously used in the case of ERS-1 is the monitoring of the normalized distance to
the cone, averaged over 6 hours for each node and scaled by its expected mean value (determi-
ned with ERS-1 data). This procedure was implemented both to survey the quality of the backs-
catter measurements in time and get a better idea of the ability of CMOD4 to describe them. To
make the diagnosis more accurate, the mean normalized distance to the cone was plotted along
with an indication of the total amount of incoming data presented to PRESCAT and of the num-
ber of quality controlled data taken into account for its computation (proportion of data rejected
by the ESA flag, the sea-ice screening from the SST analysis or the refined land-sea mask).

The results obtained before the engineering re-calibration from 19 March (Figure 5) exhibited
abnormally large distances to the cone due to the positive biases in the sigma nought measure-
ments. The mean normalized values were in the order of 1.5 to 2 instead of 1 at low incidences,
causing all the data to be rejected in most cases, because of the maximum threshold of 1.7 em-
ployed to detect instrumental problems. But at the same time, the plots produced after applying
the «ocean calibration» deduced from the first week of data showed that a retrieval residual qui-
te close to the ERS-1 case could be obtained (Figure 6), and with comparable quality control
SCOres.

Significantly higher mean normalized distances (1.2 to 1.3) were still present at low incidence
angles and to a smaller extent at high incidence angles, but turned out to be largely due to the
use of a different version of CMOD4 when the ERS-1 data were implemented together with the
- 3D-Var analysis scheme in the ECMWF NWP system at the end of January : the transfer func-
tion applied to the ERS-1 data within PRESCAT was then updated with the same version as the
ERS-2 data, and similarly higher distances became visible in the ERS-1 plots produced for com-
parison. It appeared that the new version of CMODA4, corresponding to the official one used by
ESA (Cmod_Zad), had been derived from the old version (Cmod_Sad) by transforming a beam-
dependent sigma nought correction into an incidence only dependent correction, and that this
had slightly decreased its ability to fit the backscatter measurements. The application of this new
version of the transfer function in the operational data processing was nevertheless not questio-
ned because of its negligible impact on the retrieved winds.

The similarity between the retrieval residual and quality control performances attainable with
the ERS-1 and ERS-2 scatterometers was confirmed after the antenna calibration correction
performed by ESA in March (Figures 7 and 8). Moreover, the efficiency of the mean normalized
distance to detect technical anomalies in both cases could be checked from the first days, when



analoguous transmission problems gave rise to similar responses for the two instruments in a
one-day interval (from 21 to 22 March).

2.3 - Wind speed and direction statistics

The ERS-2 data were finally monitored with the help of PRESCAT in terms of wind speed and
direction. Scatterometer minus FGAT statistics were computed every 6 hours for these parame-
ters at each node, and scatterplots were also used to summarize the comparison results obtained
every week and exhibit possible wind speed dependencies. To be more significant, the outputs
were produced only for the data retained by PRESCAT’s quality control (excluding however
the global test on mean normalized distance to the cone), and limited to the wind speeds excee-
ding 4 m/s in the case of the direction statistics. Moreover, both the raw and re-processed data
(UWIand PRESCAT) were considered, taking into account in the second case the sigma nought
bias correction established from the first week of data. -

Before the LUT change from 19 March, the wind speed statistics showed a positive bias in the
UWI case, ranging from 2 m/s at high incidences to 3 m/s or more at low incidences and with a
standard deviation of the same order (Figure 9), in agreement with the overestimation in the
backscatter measurements. The direction statistics were on the contrary rather normal, with no
significant bias and a standard deviation varying between 40 and 60 degrees as for ERS-1. Also
the PRESCAT corrected data, displaying speed biases and standard deviations around -0.5 or -
'1 m/s and 2 m/s respectively (Figure 10), already indicated that wind products of a similar qua-
lity to ERS-1 could be achieved solving the antenna bias problem.

As expected, this was fully confirmed during the third cycle of the commissioning, when the
UWI speed statistics came down to almost the same figures as obtained previously with PRES-
CAT (biases between -0.5 and -1 m/s and standard deviations smaller than 2 m/s, see Figure 11),
whereas the direction statistics remained unchanged in both the UWTI and PRESCAT cases, and
comparable to what they used to be with ERS-1 (no significant bias and standard deviations va-
rying between 40 and 60 degrees or 20 and 30 degrees respectively, due to the better de-aliasing
provided by the use of FGAT data within PRESCAT).

The sigma nought bias correction performed previously was then abandoned, and identical pro-
cessings were applied to the ERS-1 and ERS-2 data, that clearly seemed to have reached the
same performance level. In particular a speed bias correction implemented to avoid the unde-
restimation of high winds produced by CMOD 4 with ERS-1 (see below) was kept unchanged
" for ERS-2, and turned out to yield equivalent benefits (reduction of the mean underestimation
to less than 0.5 m/s and better symmetry of the scatterplots with respect to the model data for
wind speeds exceeding 15 m/s).

3 - Impact studies

3.1 - Previous studies with ERS-1

a) OI assimilation experiments

The impact of scatterometer data on NWP has already been investigated within the ECMWF
forecast system in the case of the ERS-1 scatterometer. After a little conclusive preliminary stu-

dy with ESA raw data (Hoffman, 1993), assimilation experiments were first performed in the
OI context from PRESCAT de-aliased winds (Stoffelen and Anderson, 1995).




Analysis/forecast cycles were run successively with and without scatterometer data over a 11-
day period (18 to 28 March 1993) at the spectral truncation T213. The PRESCAT winds were
sampled every 100 km to match the model resolution without introducing horizontal correla-
tion, and the results showed a clear improvement of the first guess surface wind field when they
were assimilated, The vector RMS departures between scatterometer and FGAT data were ty-
pically reduced by 5 %, with more visible effects in the Southern Hemisphere where conventio-
nal observations are sparser, Since the orbit geometry is such that the satellite flies roughly over
the same geopraphical area after 12 hours, the improvement was related to the information kept
from the scatterometer data within that time. However the impact on the medium-range fore-
casts, measured classically in terms of anomaly correlation of geopotential height (with an ave-
rage over 11 cases), was found to be neutral.

As previous studies suggested that the difficulty to improve the ECMWF forecasts with scatte-
rometer data was due to their already high performance, new experiments were made in a de-
graded assimilation system (from 26 April to 1 May 1993), removing the SATEM satellite
temperature observations from the TOVS sounder and the SATOB satellite cloud motion winds.
A positive impact was then found in the Southern Hemisphere, where both SATEM and SA-
TOB contribute significantly to the forecasts scores. Also the lack of impact on medium-range
forecasts, in spite of the improvement observed in terms of RMS error in short ranges, was ex-
plained by a redundancy with these observations at large scales. Moreover the fixed error struc-
ture assumed in the OI analysis scheme, especially in the vertical, was identified as a critical
point to take advantage of the information brought at smaller scales in the surface,

b) 3D-Var assimilation experiments

As mentioned earlier, the 3D-Var analysis scheme has provided a more general framework to
process scatterometer data into the ECMWF forecast system and given rise to new assimilation
experiments with the ERS-1 data before being implemented together with them in January
1996. '

The principle consists in minimizing a cost function J = Jg + Jg + I, where Jg and Ji, are qua-
dratic terms measuring the distance from the model state to its background estimate (first guess)
and the observations respectively, and J~ is a penalty term expressing additional physical cons-
traints (especially the absence of fast growing gravity waves). For scatterometer data, it has
been shown more successful to specify Jg in terms of wind vector rather than backscatter
measurements (Stoffelen and Anderson, 1995). Indeed, the observation errors are practically
gaussian in wind components, whereas the high non-linearity of the transfer function complica-
tes their description in the backscatter space. Therefore ERS scatterometer data are assimilated
in the 3D-V AR system as pairs of ambiguous wind vectors, through a two-minima cost function
of the following form : ¥

Jo¥™ = (1, . I)/(J;P + 1,7 1P
with :
I = (u; - wdu? + (v; - VI¥8v2,i= 1,2
where u and v are the model 10 metre wind components, u; and v; (i = 1, 2) the scatterometer

observations, 6u and 8v the associated errors and p an empirical exponent set to 4. The ambi-
guity removal is thus performed implicitly during the minimization process, taking into account



all the information from the background field and the surrounding observations carried by the
cost function, as well as the corresponding physical constraints. The two solutions provided by
PRESCAT are used as input, thinned to a 100-km resolution as in the OI context. Furthermore,
a speed bias correction is applied to remove the underestimation of high winds produced by
CMODA4. This bias correction, derived from collocations with buoy data, was crucial to make
good use of scatterometer data in 3D-VAR : before it was introduced, assimilation experiments
showed a systematic tendency to «fill» mid-latitude lows because of too low wind speeds infer-
red from the scatterometer measurements,

Prior to the operational implementation from January 1996, dedicated assimilation experiments
were performed to assess the impact of the ERS-1 scatterometer data within the 3D-Var system,
at the reduced spectral truncation T106 (horizontal resolution 125 km) and over a 2-week period
in December 1994 (Gaffard and Roquet, 1996). R
The benefits of the 3D-VAR ambiguity removal were thus confirmed. The de-aliased wind vec-
tors obtained turned out to differ from those given by the PRESCAT statistical filter in about
1.7 % of the cases. The differences corresponded most of the time to situations with low wind
speeds or phase errors in the first guess, and on visual inspection the 3D-VAR results generally
showed wind structures of a much better consistency (Figure 12). Moreover, a clear improve-
ment was found in the analysed and first guess surface fields, associated to a decrease of the
RMS departures between the first guess and the different types of observations used in the ana-
lysis. That decrease was in the order of 3 % for scatterometer data and 2 % for buoy pressure
measurements, and seemed to be more perceptible in the Southern Hemisphere as in the case of
OL. But this time a significant improvement was also observed for the 12 hour range forecasts
in this region in terms of geopotential height error : compared with the analyses including scat-
terometer data, the difference between the RMS errors of the geopotential heights forecast at
1000 hPa with and without scatterometer data was overall negative, and locally smaller than -3
m over large areas around latitude 60 degrees South (Figure 13).

The impact on medium-range forecasts in terms of anomaly correlation was eventually found
neutral or slightly positive everywhere, with a maximum over Northern America, due to the par-
ticular conditions that prevailed during the study period (storms developing in the eastern part
of the North Pacific). It is likely that the 3D-VAR scheme, in spite of its advantages for ambi-
guity removal, does not yet allow an optimum use of surface wind observations because of the
fixed error correlation structure it still assumes. However it opens the way to 4D-VAR assimi-
lation schemes which will follow the same implementation framework and bring a variation of
* the structure functions dynamically consistent with the meteorological conditions.

c) Case of tropical cyclones

In addition to the pre-operational experiments reported above, case studies have been carried
out to better assess the impact of ERS-1 scatterometer data together with the 3D-Var assimila-
tion system on analysing and forecasting Atlantic tropical cyclones, called hurricanes. These
case studies were undertaken within a more general investigation concerning-also the potential
for such applications of new high resolution satellite cloud motion winds produced by ESA
from the METEOSAT visible imagery (Tomassini et al., 1996).

The 1995 hurricane season was chosen as a study period, and the impact of the scatterometer
data was investigated from the outputs of a preliminary 3D-Var assimilation experiment perfor-
med with them from 24 August to 5 October (SCAT/3D-Var). These outputs were compared




with those from the OI assimilation process run operationally without scatterometer data for the
same period (OPS), and the results were consequently not free from influence from the new ana-
lysis scheme. This was as well not the case for the pre-operational impact study detailed pre-
viously, where the experiments with and without scatterometer data had been performed in
exactly the same 3D-Var context. However, the main differences between the two assimilation
configurations clearly seemed to be related to the inclusion or not of scatterometer data, and did
correspond to an improvement in their presence.

The position of the cyclone centre deduced from the maximum of vorticity at 850 Hpa in the
model analyses was systematically compared with that reported by the U.S. National Hurricane
Centre in the case of four tropical cyclone events : Humberto, Iris, Karen and Luis, The mean
positional error appeared to be reduced from 173 km to 111 km between the OPS and SCAT/
3D-Var experiments, and the difference was found significant at the 95 % confidence level gi-
ven the number of centres identified by the vorticity maximum method (31 and 32 respectively).
On the contrary, no significant change with respect to the operational analyses was observed
doing the same evaluation for assimilation experiments including or excluding cloud motion
wind data because of their lower spatial resolution.

The impact of the scatterometer data was further investigated through a direct study of the ana-
lysed and 48 hour forecast surface wind and pressure fields from the OPS and SCAT/3D-Var
experiments in the most significant phases of the Iris and Luis events, where swaths crossing or
passing close to the cyclone centre almost every day gave the most substantial benefits (analysis
periods from 28 to 31 August and 29 August to 3 September respectively). The improvements
obtained in the analysed centre positions thus turned out to be well integrated in the model fo-
recasts, and to yield a better agreement with the subsequent analyses in the case of Iris (Figure
14). Moreover with Luis, an underestimation of the cyclone intensity while it was strenghtening
over the Caribbean Sea was largely corrected, with constantly lower pressure minima and hi-

gher wind speeds close to the centre both in the SCAT/3D-Var analyses and forecasts (Figure
15).

d) Impact on wave modelling

The impact of the ERS-1 data within the ECMWF forecast system has finally been studied
through its consequences on numerical wave forecasting with the WAM model, run operatio-
nally with the wind analyses and forecasts from the NWP model. The same SCAT/3D-Var as-
similation experiment as for tropical cyclones was considered, extended by a second experiment
* taking into account slightly modified physics from 6 to 28 October 1995, and used to drive the
wave model in parallel to its OPS operation in the Ol context and without scatterometer data
(Janssen and Hansen, 1996).

If comparisons with buoy data, rather sparse, exhibited little difference between the OPS and
SCAT/3D-Var analysed wave heights, an evaluation against the measurements from the ERS-
1 altimeter showed a considerable improvement of the first guess wave height and analysed
wind speed in the presence of scatterometer data in the Southern Hemisphere. The standard de-
viation errors of the model fields were reduced by about 10 % in both cases, out of mean values
in the order of 50 cm and 2 m/s respectively, First guess wave height and analysed wind speed
were also improved in the Northern Hemisphere, allthough to a smaller extent. A detrimential
effect was however observed in the Tropics, where the mean wind speed increased by 30 cmy/s,
but with no consequence on the wave field,



-Moreover the verification of the wave forecasts against the subsequent analyses valid at the
same time indicated ar overall positive impact of the scatterometer data used together with the
3D-Var analysis scheme, as well in terms of anomaly correlation as standard deviation error.
For the first period of the experiment (Figure 16), the standard deviation error in the wave height
was reduced by 10 % at day 5 in the Southern Hemisphere while the usefulness of the forecast
was extended by half z day, and similar benefits were obtained for the second period in the Nor-
thern Hemisphere (Figure 17).

3.2 - New studies with ERS-2

New impact studies within the 3D-Var context have been performed from the ERS-2 scattero-
meter since the complstion of its commissioning. Exactly the same processing has been kept as
with ERS-1, since the performances of both instruments turned out to be virtually identical.
‘Preliminary experiments confirmed the improvements observed with ERS-1 for the analysed
and first guess surface fields from a 2-day analysis period (1-2 April 1996). The assimilation of
the scatterometer data affected mainly the model fields in the Southern Hemisphere, and simul-
taneously the RMS departures between first guess and observations were reduced consistently
with the results from the 2-week experiments from December 1994 (by 2 % in the case of sur-
face wind compared with the scatterometer data themselves and by 1.5 % in that of surface pres-
sure compared with bzoy measurements). Moreover, the vector RMS departure between the
analysed surface wind and the ERS-1 scatterometer data was also significantly decreased (by 1
%), in spite of the small amount of data taken into account and the generally lower quality of
the analysis for sarface wind. These improvements allowed as well to expect the same benefits
as had been observed with ERS-1 in terms of short range forecasts. Also, the ERS-2 data were
substituted for their ERS-1 counterparts in the operational assimilation system on 1 June 1996,
before the switch-off of ERS-1"s instruments on 3 June.

Those 2-day experiments were then taken as an opportunity to study the impact of the two ins-
truments together, in order to get a first idea of what can be expected from future double-swath
scatterometers such as NSCAT or ASCAT. For that purpose, the analysis period was extended
to 5 days in a first approach (1-5 April 1996), and four assimilation configurations were tested
: no scatterometer datz. ERS-1 or ERS-2 data only, and both ERS-1 and ERS-2 data.

A substantial gain has thus been found on average in the fit between first guess and observations
in the tandem configuration : the vector RMS difference between scatterometer and FGAT wind
. decreases by 13 cm/s (out of 3.40 m/s) when both instruments are effectively used, instead of 9
cm/s and 7 cm/s respectively when only the ERS-1 or ERS-2 data are assimilated. Further, a
study of the most significant cases, imposing an arbitrary minimum value, so-called «impact
threshold», on the vect+ differences induced by the data in the first guess field, indicates that
the main improvements brought by the ERS-1 scatterometer are little reduced when the ERS-2
data are already assimilated (Figure 18).

Nevertheless, the reverse is far from being true (Figure 19), as if the orbit phasing between the
two satellites, leading ERS-2 to fly over the same areas as ERS-1 24 hours later, made its data
redundant with the information kept from ERS-1 after one day. This tends to be confirmed when
the impact of the ERS-2 data is evaluated against the ERS-1 or ERS-2 data only (Figure 20),
instead of those from both scatterometers : the improvements already brought by ERS-1 seem
to be harder to increas: along the ERS-2 swaths, and so to remain effectively to a large extent
in the places where thev have been generated.




Those early results suggest that it might be necessary to have well separated data coverages,
both in time and space, to make the best use of measurements from double-swath or multiple
scatterometers in NWP. However, the possible loss in case of redundancy, with a reduction
from 6 em/s to 4 cm/s on average for the RMS gain brought by the redundant scatterometer in
the ERS tandem case, appears to be limited. The assimilation experiments will be classically
extended to 2 weeks anyway, and 10 day forecasts will be made from the analyses obtained to
allow more definite conclusions to be drawn.
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Figure Legends
Figure 1. Antenna biases obtained by «ocean calibration» with the first week of data.

Figure 2. Antenna biases obtained by «ocean calibration» for the fifth week of the commissio-
ning after removing the biases estimated from the first week of data.

Figure 3. Antenna biases obtained by «ocean calibration» after the LUT change from 19 March
1996.
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Figure 4. Same as Figure 3, but for ERS-1.

Figure 5. Mean normalized distance to the cone and quality control scores obtained for the fifth
week of the commissioning. :

Figure 6. Same as Figure 5, but after removing the antenna biases estimated from the first week
of data.

Figure 7. Mean normalized distance to the cone and quality control scores obtained after the
LUT change from 19 March 1996.

Figure 8. Same as Figure 7, but for ERS-1.
Figure 9. Wind speed statistics obtained for the fifth week of the commissioning (UWI data).

Figure 10. Same as figure 9, but after removing the antenna biases estimated from the first week
of data (PRESCAT data).

Figure 11. Wind speed statistics obtained after the LUT change from 19 March 1996.

Figure 12. De-aliased wind vectors given respectively by PRESCAT (black flags) and the 3D-
Var analysis (grey flags) for ERS-1 on 17 December 1994 at O UTC.

Figure 13. Difference between the RMS errors of the geopotential heights forecast at 1000 hPa
with and without scaterrometer data, taking the analyses including scatterometer data as a refe-
rence. Contouring is done only for values greater than 5 m or lower than -5 m, with a 5-m inter-
val, and negative areas are shaded.

Figure 14. OPS and SCAT/3D-Var 48 hour forecasts (a) and b)) and associated analyses (c) and
d)) for Hurricane Iris on 1 September 1995 at 12 UTC. The arrows represent the surface wind
field and the isolines the surface pressure in mb. The reported cyclone centre is marked by the
black square.

Figure 15. OPS and SCAT/3D-Var analyses for Hurricane Luis on 3 September 1995 at 12
UTC (a) and b)) and corresponding 48 hour forecasts valid on 5 September 1995 at 12 UTC (c) -
and d)). The arrows represent the surface wind field and the isolines the surface pressure in mb.
" The reported cyclone centre is marked by the black square.

Figure 16. Forecast scores for wave height obtained with the SCAT/3D-Var (solid line) and
OPS (dotted line) experiments in the Southern Hemisphere from 24 August to 5 October 1995
(average over 43 cases). a) represents standard deviation errors and b) anomaly correlations.

Figure 17. Same as Figure 16, but for the Northern Hemisphere and the period from 4 to 16
October 1995 (average over 13 cases).

Figure 18. Vector RMS differences between scatterometer and FGAT winds when no scattero-
meter data or only ERS-1 data are assimilated (left), and when only ERS-2 or both ERS-1 and
ERS-2 data are assimilated (right). The FGAT winds are referred to as NOSCAT, ERS1, ERS2
and ERS1+2 respectively, and the results are represented as a function of the impact thresholds
associated to the (ERS1 - NOSCAT) and (ERS1+2 - ERS2) differences. The dotted lines indi-
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- cate the proportion of data exceeding a given threshold in logarithmic scale. Both the ERS-1
and ERS-2 data are taken into account to compute the RMS differences.

Figure 19. Same as Figure 18, but for the cases where no scatterometer data or only ERS-2 data
are assimilated (left), and when only ERS-1 or both ERS-1 and ERS-2 data are assimilated (ri-
ght). The results are now represented as a function of the impact thresholds associated to the
(ERS2 - NOSCAT) and (ERS1+2 - ERS1) differences.

Figure 20. Vector RMS differences between scatterometer and FGAT winds when only ERS-
1 or both ERS-1 and ERS-2 data are assimilated, taking into account either the ERS-1 data (left)
or the ERS-2 data (right) to compute the RMS differences. The FGAT winds obtained with
ERS-1 and both ERS-1 and ERS-2 are referred to as ERS1 and ERS1+2 respectively, and the
results are represented as a function of the impact thresholds associated to the (ERS1+2 - ERS1)
~ differences. The dotted lines indicate the proportion of data exceeding a given threshold in lo-
garithmic scale.
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WIND SPEED CALIBRATIGN
OF ERS SCATTEROMETER DATA
FOR ASSIMILATION PURPOSES AT ECMWF

Didier Le Meur, Lars [saksen
ECMWF, Shinfield Park, Reading RG2 9AX, England

Ad Stoffelen
KNMI, Postbus 201, 3730 AE de Bilt, The Netherlands

ABSTRACT

Some modifications have recently been studied to im-
prove the wind calibration of ERS scatterometer data
within their pre-processing before assimilation in the
ECMWF Numerical Weather Prediction model. A first
point concerned the introduction of a sigma nought
bias correction to remove the underestimation noted
in the ERS-2 scatterometer measurements since the
instrumental calibration change they underwent in
summer 1996, and at the same time refine their des-
cription by the transfer function CMODA4 in terms of
backscatter. Another issue was then the derivation of
a new wind speed bias correction to compensate for
the overestimation induced by this sigma nought bias
correction in the wind domain and allow to use the
scatterometer products up to higher winds speeds.
These modifications were implemented together with
a sea-ice screening from a decreased Sea Surface Tem-
perature (SST) threshold, so as to further extend the
use of the data at high latitudes. Pre-operational assi-
milation experiments have demonstrated their inte-
rest and allowed to expect again more benefits from
scatterometer data in the ECMWF model in terms of
surface wind analysis and short range forecasts.

1. INTRODUCTION

ERS scatterometer data have been assimilated opera-
tionally in the ECMWF Numerical Weather Predic-
tion model since January 1996. The method followed
relies on the use of a three-dimensional variational
analysis scheme (3D-Var}, in which the model state is
updated by minimizing a cost function measuring
both its distance from its background estimate, so-
called «first guess» (6-h range forecast), and from the
observations available (Ref. 1). The scatterometer data
are thus processed as pairs of ambiguous wind vec-
tors, and implicitly de-aliased through the application
of a 2-minima observation cost term. This 3D-Var
processing, providing an optimal treatment of the
scatterometer wind information, has allowed to im-
prove significantly the ECMWF surface wind analysis
and also had a positive impact on the short-range fore-
casts, especially in the Southern Hemisphere (Ref. 2).
However, a crucial point for its success was the impie-
mentation of a wind speed dependent bias correction
in the Prescat wind retrieval and ambiguity removal
scheme (Ref. 3) used in a pre-processing step. This
bias correction, aimed at matching the scatterometer
wind speeds retrieved through the transfer function

CMOD4 with those from the ECMWF model first
guess, recently had to be reconsidered. Followiﬁg the
underestimation problems that affected the ERS-2
scatterometer data after the instrumental calibration
change they underwent in summer 1996, an addition-
al sigma nought bias correction was introduced in
Prescat, but turned out to have an impact on the wind
speed dependent bias. This paper presents the new
wind calibration scheme that has thus been developed
within the 3D-Var pre-processing of scatterometer da-
ta, based on a preliminary sigma nought bias correc-
tion of CMOD4 and a subsequent tuning in the wind
domain as a function of wind speed. A special impor-
tance is given to the triple collocation methodology
followed to deal with the latter point with as much ac-
curacy as possible. The practical implementat - n is
then described, and pre-operational assimilation re-
sults are shown.

2. SIGMA NOUGHT BIAS CORRECTION

On the 6th of August 1996, following repeated failures
in July, a redundant calibration system was activated
on board of the ERS-2 scatterometer instead of the
nominal one. Contrary to the expectations, this
change turned out to have an impact on the measured
sigma nought level, which decreased by about 0.2 dB,
involving a wind speed decrease of the order of 0.2
m/s. An engineering re-calibration was considered by
ESA, but the problem first had to be well understood
and nothing had still been done at the end of the au-
tumn. Although the wind speed underestimation that
followed was not critical for the operational assimila-
tion of the data in the ECMWF 3D-Var system, the
possibility to implement a sigma nought bias correc-
tion in their pre-processing was investigated.

The solution adopted was to apply the results from
the so-called «ocean» calibration procedure used to
monitor every month the scatterometer data from the
ECMWF model winds. This method (Ref. 4) consists
of comparing the sigma noughts measured by the
scatterometer with those deduced from the ECMWF
first guess 10 metre winds through CMOD4 over a fil-
tered dataset with a uniform direction distribution for
each class of wind sgaeed. Working in the transformed
space defined by z” = (00}0'625 where the directional
dependency is harmonic, antenna biases can then be
estimated for each node across the swath, by taking
the differences between the measurements and the
model simulations.

The antenna biases from the «ocean» calibration had
already been successfully subtracted from the raw
ERS-2 data before the engineering calibration of
March 1996, allowing a correction of wind speed bias-
es up to 3 m/s. Using this process again rather than
applying a uniform correction of + 0.2 dB was an op-
portunity to improve significantly the fit of CMOD4
to the scatterometer backscatter measurements. How-
ever such a refined calibration had to take into ac-
count the bias due to the increase of the ECMWF




model winds since the initial tuning of CMOD4 with
the same method over March 1992, Ad Stoffelen (Ref,
4) estimated this increase to be of 7 % from the nega-
tive bias it yielded for ERS-1 over March 1996, Follow-
ing his recommendations, the antenna biases of ERS-2
were finally computed with respect to first guess
winds decreased by the same ratio (Fig, 1).
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Figure 1, Antenna blases obtained by socean» calibration
over October 1996, Solid, dashed and dotted lines stand for
the fore, mid and aft antennac respectively.

The subtraction of these biases was then implemented
in Prescat aside the operational 3D-Var processing,
applying every month the correction derived with the
data from the month before, and starting with the pe-
riod October-November 1996 during which the meas-
ured sigma nought level turned out to stay stable, The
results showed a clear improvement in the wind
speed bias with respect to the first guess winds, with
a reduced underestimation and more uniformity
across the swath (Fig. 2}, Moreover the wind retrieval
also seemed to be improved, with a smaller backseat-
ter residual or «distance to the cone» especially at low
incidence angles, resulting in an average reduction by
1 degree (out of about 25) of the direction standard de-
viation with respect to the model winds. Neverthe-
less, a positive trend appeared in the wind speed
dependent bias, which needed a reassessment of the
wind speed bias correction used in Prescat,
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Figure 2. Wind speed biuses (solid lines) and standard de-
vrations (dashed lines) between Prescat and FGAT winds
obtained for the different nodes of the stwath after substrac-
ton of the October 1996 antenna biases, The correction is
applied only over November and the resiilts fromi October
are shown for comparison,

3. SPEED BIAS CORRECTION
a) methodology

The Prescat wind speed bias correction was initially
derived from collocations between ERS-1 and buoy
data. It was quite efficient at removing the diserepan-
cies between the CMODA retrieved and ECMWTE first
guess wind speeds, and particularly the relative low
bias of CMODA4 at high winds. [ts implementation in
the 3D-Var system allowed thus to avoid systemati-
cally filling=in deep lows with underestimated wind
observations, Moreover the results turned out to be as
good with ERS-2 as with ERS-1. Nevertheless, the
small number of buoy data available above 20 m/s
did not enable the application beyond that threshold,
and this was a serlous limitation for the most extreme
cases. A major goal in reconsidering this bias correc-
tion was therefore to be able to use the scatterometer
data up to higher wind speeds.

For that, an aceurate calibration method was first nee-
essary. Ad Stoffelen (Ref. 5) recently pointed out that
the calibration of wind observations requires a good
knowledge of their error characteristics. The observa-
tion random errors are of the same order of magni-
tude as the truth observed, and consequently artificial
biases may occur if both their statistics and those of
the true distribution are not taken inte account. He
further showed that the problem has generally too
many degrees of freedom to be solved from colloca-
tions between only two observation systems, but that
adding a third system can allow a solution with less
assumptions. The triple collocation methadology he
thus developed relying on scatterometer, model and
conventional data, as well as the corresponding error
modelling, were closely followed to derive a new
wind speed blas correction for CMODA4,

Another important issue was to have a good collocat-
ed dataset with as much data as possible at high
winds, This requirement was partly met by consider-
ing all the CONVentional OBServations (CONVOBS
hereafter) from ships, buoys and islands processed
and quality controlled by the ECMWF operational
analysis as a third source of data for triple colloca-
tions, The main idea was however to strictly apply a
triple collocation analysis only to a preliminary esti-
mation of the model wind errors, and then to derive
the final calibration from separate analyses using all
the dual collocations available between scatteromerter
and model, and model and conventional data respec-
tively.

It is worth noting that in this approach each collocated
dataset had to be representative of the same spatial
and temporal domain, so that the model error esti-
mates derived from the triple eollocation analysis stay
valid for each subsequent dual eolloeation analysis.
The global coverage provided by the CONVOBS data
was essential in this respect, since it enabled to per-
form the whole study at a global scale. The limited ac-



curacy as compared to higher quality datasets such as
the NOAA buoy network was a minor disadvantage
in the sense that this aspect is of secondary impor-
tance for the estimation of the model errors.

b) collocated data

A 4-month period was considered to perform this cal-
ibration exercise, from October 1996 to January 1997.
This length was a minimum to get enough data from
triple collocations. Moreover the ERS-2 measure-
ments remained stable until January, whereas a slight
increase of the sigma nought level occurred in Febru-

ary.

The Prescat winds produced off-line with the sigma
nought bias correction had the existing speed bias cor-
rection removed, and were collocated with the con-
ventional observations kept by the ECMWE analysis
quality control within 100 km and 2 hours, with a min-
imum separation distance of 50 km to avoid spatial
correlations. Triple collocations were obtained by
adding the 10-metre First Guess at Appropriate Time
(FGAT) winds computed by Prescat at the scatterom-
eter measurement times and locations from the cur-
rent 3-hour and 6-hour range forecasts. As in their
operational processing, the CONVOBS winds were
not height corrected (no information is available for
that in most cases) and also assumed to be at 10 me-
tres. The dual collocations between scatterometer and
model were directly provided by the Prescat outputs,
whereas those between model and conventional ob-
servations were deduced from the (observation - first
guess) increments stored in the analysis feedback
files, only for those observations used by the analysis.
Since the analysis uses the observations closest to the
synoptic time, the latter restriction still ensured first
guess winds at the right time and avoided temporal
correlations in the case of hourly measurements.

In addition to the quality controls performed by the
ECMWEF analysis as well as Prescat, a further data se-
lection was applied by excluding all the data located
within the Tropics (30°N - 30°S), where the underesti-
mation of CMOD4 with respect to the FGAT winds
seemed to exhibit a local increase. This feature, espe-
cially noticeable for the zonal wind component, sug-
gests an overestimation of the tradewinds by the
ECMWEF model as is often reported by ocean model-
lers. The point was clearly confirmed by recovering
similar symptoms when comparing the conventional
observations with the model winds. In the case of the
triple collocations, the data associated to the 2 first
nodes of the swath, for which the CMOD4 winds were
visibly affected by larger errors, were also discarded
to improve the homogeneity of the dataset. Moreover
some more rejections were made by increasing the
minimum separation distance to 200 km in the across
and along track directions in order to allow for an av-
eraging of both the model and scatterometer data at a
250 km resolution as explained below.

About 2500 triple collocations were finally retained
with averaging at 250 km resolution and 3300 with-
out, against 500000 dual collocations between scatter-
ometer and model per node of the swath, and 130000
dual collocations between model and conventional
observations. Among the conventional data, those de-
clared as buoy reports according to the WMO conven-
tions appeared to be of a substantial lower quality and
were therefore not taken into account. Conversely,
those supposed to come from automatic stations on
board of ships, and corresponding in fact to moored
buoys in most cases, were found to be more accurate
and chosen as a reference for refined tunings between
model and CONVOBS winds. An additional ddtaset
of about 18000 high quality dual collocations was thus
considered.

¢) error modelling and calibration principle

Following the previous work by Ad Stoffelen, the ran-
dom errors of each system were characterized by
Gaussian and uncorrelated laws in wind components.
They were supposed to be independent of each other
and also of the true wind components. The true wind
components were equally described by Gaussian laws
as a first approximation. Furthermore, the observa-
tion errors were defined in terms of calibrated quanti-
ties, i.e. such that they measure the departures
between the observations and the truth after calibra-
tion. Taking the model data as a reference, the wind
components of each system were thus primarily de-
scribed as follows : ‘

X =t+x
y = ft+y)
z=g{t+2z)

where x, y and z refer to the model, scatterometer
and CONVOBS data respectively, t represents the
truth, x', vy and z' the observation errors, and the
functions f and g describe the respective biases of the
scatterometer and the CONVOBS wind components
with respect to the model wind components.

This scheme was used mainly for the triple collocation
analysis. In the dual collocation cases, a joint formula-
tion in wind components, with a bias term actually re-
lated to wind speed, was preferred for more accuracy.
Indeed the calibration is believed to be rather speed
dependent than component dependent. Moreover the
coupling introduced between wind components was
a way to virtually double the number of data availa-
ble. Also the above equations were re-written in the
following form :
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where U and v are the true wind components, U
and v thnse of the model, U and ¥_ the seatterom-
eter or CONVOBS wind :un‘rpnncmz, ue, and v*
their calibrated counterparts, W and W* the corré-
sponding raw and ealibrated wind 5pee¢rs, and f is
the speed dependent bias function.

Both error models were applied in across and along
track components for the cases involving scatterome-
ter data, considering that the errors in the scatterome-
ter winds may be related to the instrument geometry,
The model and CONVOBS errors, assumed to be es-
sentially isotropic, were on the contrary equally spec-
ified in across and along track or zonal and meridional
components. So only the study of the dual collocations
between model and conventional data was entirely
performed in terms of the usual U and V components.

The calibration problem was then treated in terms of
Maximum Likelihood Estimation (MLE), so as to pro-
vide a solution in the most general framework. In the
simplest case of a separate bidimensional calibration
in wind components, the conditional probability of a
given pair of collocated observations knowing the
truth was thus expressed by :
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where e and ¢ are the error standard deviations as-
sociated to x arid ¥.
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The corresponding likelthood was deduced by inte-
grating with respect to the probability distribution of
the truth, according to Bayés” theorem :

Lizy) = Ip{[my)m -p(t)dt

2
with pit) = unp(wi-(é) ), o being the standard de-
viation of the truth.

The individual likelihoods LLu.. y; | defined over the
whole dataset were then mul pﬁir: assuming that the
collocations were independent, and the resulting glo-
bal likelihood function F[ f,o_,e_,a) = L(;I'y )
L’k;n.yn was maximized with :yeacht to hedi ferent
unknown parameters to get their best estimates.

The same principle was applied for the other cases of
calibration, However in the triple collocation analysis
an error correlation term had to be introduced be-
tween the scatterometer and CONVOBS wind compo-
nents to account for their representativeness errors
with respect to the model wind components. Indeed
the truth taken into account in each comparison is
only that truncated to the scales reprasented by the
model, which has the lowest resolution. The smaller
scales resolved by the scatterometer and the CON-
VOBS are treated as an additional error with respect
to this, and that representativity term, identical over
their common range of resolution, is a cause of corre-
lation in the three dimensional case,

This correlation between scatterometer and CON-
VOBS errors involves In practice an extra degree of
freedom, which was removed by considering the av-
eraged dataset defined at the 250 km resolution. Sinee
from the previous work by Ad Stoffelen the scatter-
ometer and model winds can be considered to repre-
sent the same true variance at this resolution, the
calibration problem was thus first solved with a zero
correlation. The solution obtained was then used to
force successively those of the equivalent problems
where either the scatterometer or model data are sub-
stituted for their raw counterparts. This allowed to as-
sess  successively  the effecive errors of the
scatterometer and model winds at the 250 km resolu-
tion and, by difference, to deduce the difference be-
tween the corresponding errors at the model
resolution. The correlation term was finally deter-
mined by imposing this difference on the solution of
the problem with both the raw scatterometer and
model data, '

In the bidimensional cases, the calibration problem
also has an extra unknown, but cannot be closed with
so little restriction. The solution was then mainly
forced through the values of the model errors derived
from the triple collocations. Moreover with the wind
speed callbration scheme another correlaton term
had to be taken into account between the true wind
components because of the coupling introduced, but
this difficulty was avoided by working over a filtered
dataset with a uniform direction distribution for each
class of wind speed as in the sigma nought calibration.
A major cause of correlation between wind compo-
nents was thus removed, preventing the oceurrence of
preferred directions. In return, the number of data
was typically reduced by 50 %.

d) results

The triple collocation analysis was carried out in the
linear framework already used by Ad Stoffelen. The
bias functions f and g were then reduced to simple
scaling factors, Tables 1 and 2 show the results ob-
tained for the across and along track wind compo-
nents respectively, such as they arose from the
preliminary study of the 250 km-averaged dataset.
The model errors turn out to be isotropie, with stand-
ard deviations close to 1.6 m/s in both components,
The scatterometer winds seem on the contrary to have
a larger error along track and be more underestimated
by 4 % across track, The CONVOBS winds exhibit
similar behaviour in both directions, but are overest-
mated by 10 % with respect to the model.

These results were not significantly changed when ap-
plying the values found for the error covarlances to
the primary dataset without averaging, Moreover
tests with minimum separation distances of 100 and
200 km instead of 50 km, leading to randomly differ-
ent samplings, confirmed their stability and little sen-
sitivity to the possible spatial correlations induced by
the model errors.



model scatt. CONVOBS
scaling factor i. 0.91 1.10
error {nm/s) 1.62 1.63 331
error covariance
scatt/CONVOBS 0.45
(m?s?) :

Table 1. Triple collocation analysis results for the across
track wind component.

model scatt. CONVOBS
scaling factor 1. 0.95 1.10
error (m/s) 1.64 1.90 342
error covariance :
scatt /CONVOBS 0.25
(mzlsz)

Table 2. Triple collocation analysis results for the along
track wind component.

The study of the dual collocations between model and
conventional data was performed in the same linear
framework as that of the triple collocations, which
turned out to be quite sufficient. With all the conven-
tional data used by the ECMWF analysis, the wind
component calibration scheme further confirmed the
figures above for the model errors and the CONVOBS
scaling factors. The scaling factors were still equal to
1.1 when imposing model errors of 1.6 m/s, bothin U
and V components.

However, with the subset associated to automatic sta-
tions, a similar anisotropy appeared to that observed
previously for the scatterometer across and along
track components, with a scaling factor roughly lower
by 4 % inU than V. A symmetric result could be found
introducing an anisotropy factor between the model
wind components in the wind speed calibration
scheme : over the whole collocated dataset, U had to
be decreased by 2.5 % and V increased by the same
amount to maximize the likelihcod of the solution,
which moreover still indicated an overestimation of
the CONVOBS winds by 10 % when considering mod-
el errors of 1.6 m/s. Furthermore, exactly the same
corrections were necessary on the model wind com-
ponents when repeating the test with the dual colloca-
tions between scatterometer and model.

It was therefore concluded that the model errors can
be characterized by standard deviations of 1.6 m/s in
U and V components, and an overestimation of U by
5 % with respect to V. The scatterometer bias was on
the contrary regarded as essentially isotropic and
hence better described in terms of wind speed than

wind components as expected. As the automatic sta-
tions, having the closest measurement heights to 10
metres, did not show any significant bias of the model
winds after correction for their anisotropy, the final
calibration between scatterometer and model was
thus performed from FGAT wind components basi-
cally decreased by 2.5 % in U and increased by 2.5 %
in V, as well as associated error standard deviations of
1.6 m/s. Moreover, the wind speed calibration
scheme was used, and the previous scaling factors re-
placed by a cubic spline function to take into account
the non-linearity of the CMOD4 bias. This spline func-
tion was defined with respect to uncalibrated wind
speed intervals of 1 m/s.

Figures 3a and 3b illustrate the scatter plots of the scat-
terometer against the model wind speeds obtained be-
fore and after calibration in the case of node 10
(middle of the swath). The dotted lines indicate the
average wind speed of each system per bin of that of
the other. The non linearity of the CMOD4 bias is evi-
dent before correction, but appears to be well de-
scribed by the spline function, yielding quite
symmetric results after correction (Gaussian noises
have been added to the wind components with the
larger accuracy to match the errors from both systems
and make the comparison more symmetric). Further-
more, the fit remains good up to 25 m/s where the
highest model winds are available, even if a saturation
effect seems to occur above 20 m/s. Such an effect
could be insufficiently corrected due to the fact that
the spline coefficients have been more constrained at
high winds in the MLE minimization procedure to en-
sure stability in these cases where a reduced number
of data is available. A solution would then be to use a
different minimization scheme leading to more uri-
form constraints, but this has not been tested yet.

CMOD4

Wind speed (m/s)

Figure 3a. Scatter plot of the scatterometer against the
model winds speeds before calibration in the case of node 10.




Wind speed (mvs) FGAT
Figure 3b. Same as Figure 3a, but after calibration,

Figure 4 shows the ealibration curves obtained for the
different nodes of the swath, together with that asso-
clated to the old bias correction, The old bias correc-
tion is clearly exaggerated at the highest winds,
Moreover an important gradient appears in the new
wind speed bias, which was not taken into account be-
fore. The inner noedes turn out to be more underesti-
mated than the outer ones by up to 2 or 3 m/s from
wind speeds of about 10 m/s.
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Figure 4, Wind speed calibration curves obtatried for the
different nodes of the swath (solid lines), compared with
that associated to the old Prescat bias correction (dashed
linel.

Also the overall agreement between scatterometer
and model is quite improved when comparing the
Prescat winds obtained with the new wind speed and

sigma nought ealibration with those deduced from
the old speed bias correction, even when removing
the anisotropy correction between the FGAT U and V
components as well as the direction filtering and ex-
tending the study to the Tropics. In that case, the di-
rection and veetor standard deviations are reduced
respectively by 1 degree and 4 em/s (out of about 3.4
m/s). The wind speed bias can also be checked to de-
crease over most of the wind speed range and espe-
clally at high winds (Fig. 5), although an
underestimation is still visible due to the overestima-
tion of the model U component and the larger sam-
pling in the corresponding directions. Moreover, the
independent comparison provided by the triple collo-
cated CONVOBS confirms the improvement in the di-
rection accuracy, with a standard deviation reduction
of roughly the same amount,
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Figure 5. Wind speed biases between scatterometer and
FGAT winds over the original collocated dataset before
(thin line) and after (thick line) calibration,

It should be well noted that the larger underestima-
tion at high winds observed here with the old Prescat
products is not contradictory with the exaggeration
reported previously, which holds only when applying
the old wind speed bias correction after the prelimi-
nary sigma nought bias correction.

4. IMPLEMENTATION

The new sigma nought and wind speed bias correc-
Hons described above were implemented within the
3D-Var system with an upper wind speed limit in-
creased from 20 m/s to 25 m/s. A new sea-ice screen-
ing, using a minimum S5T thresheld of 0°C instead of
2°C, was infroduced at the same time. The existing
threshold appeared to be too conservative, especially
in the Antarctic region where it led to reject large
amounts of data which obviously could still bring use-
ful information. Decreasing it to 0" C while the actual
freezing point of the sea is close to <1.7 *C seemed a
possibility to Increase significantly the scatterometer
data coverage at little risk.

One sigma nought bias correction file was supplied
for every month, normally produced with the data
from the month before, 30 as to take into account the
variations in the scatterometer instrumental calibra-



tion as in real time conditions. This was done from
November 1995 when the first ERS-2 scatterometer
data were available at ECMWF. The wind speed bias
correction, supposed to stay constant, was defined by
a single file. Both sigma nought and wind speed bias
correction files were designed with two parts, apply-
ing respectively to ERS-1 and ERS-2. However for
ERS-1 the sigma nought bias correction was not up-
dated, assuming that the instrumental calibration has
always remained stable. The antenna biases comput-
ed over March 1996 were taken into account. The as-
sociated wind speed bias correction was derived over
the period October 1995 - January 1996. It is worth not-
ing that the wind speed bias curves obtained for both
satellites are very similar, but that the saturation ten-
dency observed with ERS-2 is much less obvious for
ERS-1.

5. ASSIMILATION RESULTS

Assimilation experiments were performed to test the
modifications introduced in the scatterometer data
pre-processing before operational application. The
3D-Var system was run taking them into account over
a 2-week peried (1-13 February 1997) and the results
compared with those of a control experiment using
the old pre-processing.

Monitoring statistics with respect to the FGAT winds
deduced from the operational 3-h and 6-h range fore-
casts confirm the improvements noticed previously in
the quality of the scatterometer winds retrieved off-
line by Prescat with the new bias correction scheme.
Compared with the old Prescat outputs, similar bene-
fits can be found with the new 3D-Var processing in
terms of wind speed bias and distance to the cone. The
direction and vector standard deviations are accord-
ingly reduced to a comparable extent (by 1 degree and
3 cm/s respectively), and the wind speed dependent
bias still exhibits the same overall decrease, with im-
ited values at high winds justifying the use of the data
up to 25m/s (Fig. 6). Moreover the study of the agree-
ment between scatterometer and model winds as a
function of SST further validates the use between 0°C
and 2°C, where the vector RMS difference is not espe-
cially increased, while the quality control check on
distance to the cone, involving more data rejection,
seems sufficient to avoid possible sea-ice contamina-
tions (not shown).

The comparison of the departures between first guess
and scatterometer observations obtained respectively
in the test and the control experiments shows a posi-
tive impact of the previous improvements on the sur-
face wind analysis. Taking into account the new 3D-
Var retrieved winds in both cases, the vector RMS dif-
ference is reduced by 3 cm/s on average with the
modifications implemented in the scatterometer data
pre-processing. Furthermore, introducing a minimum
«impact threshold» in the comparison to limit it to the
data for which the difference between the first guess
winds from both experiments is the largest, no detri-

mental effect appears in the extreme cases, where the
vector RMS reduction becomes even systematically
more significant (Fig. 7). No sign of deterioration can
either be seen as a function of wind speed at high
winds, not more with respect to the CONVOBS data
than the scatterometer observations. A further valida-
tion is moreover provided by the ERS-2 altimeter
measurements, indicating an overall reduction by 2.5
cm/s in the standard deviation between analysed and
observed wind speeds. In comparison, the gain ob-
tained when the ERS-1 scatterometer data were intro-
duced in the 3D-Var assimilation was at the most
equal to 10 cm/s
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Figure 6. Scatter plot of the wind speeds associated to the
new 3D-Var processed scatterometer products against
those from the operational FGAT over the 2 weeks of assim-
ilation.
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Figure 7. Vector RMS differences between first gquess and
scatterometer winds in the test (apl7) and control (ap1i) ex-
periments as a function of the «impact threshold» associated
to the modifications introduced in the scatterometer datq
pre-processing. The dotted line indicates the proportion of
data exceeding n given impact threshold in logarithmic
scale.




These different Improvements in the accuracy of the
first guess and analysed surface winds, although quite
evenly distributed, turn out to be more important at
high latitudes where the coverage of the scatterometer
data is increased over large areas between 0°C and
2°C, and especially in the Antarctic region. Also the
impact on the analysed geopotential is essentially con-
centrated in these areas as can be seen when plotting
the mean difference obtained between both experi-
ments at 1000 hPa (not shown). The study of the cor-
responding RMS forecast error difference shows a
substantial benefit for the 12-hour and 24-hour range
forecasts, mostly in the Southern Hemisphere where
the impact on the analysis is larger (Fig. 8). However
for the medium-range, the results are essentially neu-
tral in terms of anomaly correlations, apart from a
Bllghﬂy positive I:mdc:m;:y from i:lny 5 over the North
Atlantic (Fig. 9).
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Figure 8, Mean difference between the 12-h RMS forecast
errors for the 1000 hPa geopotential associated to the test
and control experiments in metres. The areas where the dif-
ference is negative (ereen and blue) indicate an improve-
ment with the new scatterometer data pre-processing.
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Figure 9, Anamaly correlation forecast scores for the 500
hPa geopotential associated to the test (dashed line) and
dontrol (solid line) experiments over the North Atlantic,

6, CONCLUSION

A new wind calibration scheme has been implement-
ed within the pre-processing of ERS scatterometer
data for assimilation in the ECMWF model, relying on
a sigma nought bias correction and a revised wind
speed bias correction of the transfer function CMODA,
both derived consistently from comparisons with the
model data themselves, The sigma nought bias correc-
tion has allowed to systematically solve the bias prob-
lems related to changes in the instrumental calibration
and at the same time improve the wind retrieval at
low incidence angles by refining the deseription of the
scatterometer measurements in the backscatter space.
The revised wind speed bias correction has provided
a better agreement with the model winds than before
and over a wider wind speed range, due to the larger
number of collocated data involved in its derivation.
The use of a triple collocation analysis also ensured
more accuracy by taking into account the error: in the
model winds, while the application of a Maximum
Likelihood Estimation method was crucial to solve the
calibration problem in a suitable way, i.e. in a non-lin-
ear framework and in terms of wind speed while the
errors were better defined in wind components.

The pre-operational test of this new wind calibration
scheme together with a less conservative sea-ice
screening has confirmed its potential to enhance the
quality of the scatterometer winds processed by the
ECMWF 3D-Var assimilation system and shown that
it contributes to extend significantly their range of
use. Moreover the results obtained enable to expect
again more benefits from scatterometer data in the
ECMWF model in terms of surface wind analysis and
short range forecasts. Minor improvements may how-
ever still be useful, especially concerning the minimi-
zation scheme or fitting functions to considerer in the
MLE algorithm 5o as to ensure stability at high winds
without compromising the quality of the results. The
methodology developed with the ERS scatterometers
should then be applied successfully to the calibration
of the NSCAT instrument.
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FIGURE 4. Vector RMS differences between scatterometer and FGAT winds when no scattero-

meter data or only ERS-1 data are assimilated (left), and when only ERS-2 or both ERS-1 and

ERS-2 data are assimilated (right). The FGAT winds are referred to as NOSCAT, ERSI, ERS?2

and ERSI+2 respectively, and the results are represented as a function of the impact thresholds

associated to the (ERS1 - NOSCAT) and (ERS1+2 - ERS2) differences. The dotted lines indicate
the proportion of data exceeding a given threshold in logarithmic scale.

6 - CONCLUSION

The use of scatterometer winds at ECMWF has reached a mature status. The PRESCAT proce-
dure, in addition to re-processing the ESA data in real time, has allowed to implement efficient
monitoring and calibration tools to help maintain the instrumental performance in the long term
or improve it in commissioning phases. It has also been the starting point for a wider use of the
data available in operational meteorological centres for collocation purposes. Moreover the 3D-
VAR assimilation system enabled a successful effective implementation of the data in numeri-
cal weather prediction, with the most appropriate solution to the directional ambiguity problem,
and provides a basis for further progress with 4D-VAR assimilation schemes. The processing
scheme developed with ERS-1 scatterometer data was successfully applied to ERS-2 data, and
should be valuable again to deal with NSCAT data in a few months. An important goal for the
near future will be the evaluation of the impact of scatterometer data in the 4D-VAR system.
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USE OF ERS SCATTEROMETER DATA AT ECMWF

Didier LE MEUR, Catherine GAFFARD, Roger SAUNDERS
ECMWE, Shinfield Park, Reading RG2 9AX, England
Abstract

ERS scatterometer data have been re-processed in real time at ECMWTE since July 1994, The
procedure applied, called PRESCAT, benefits from an improved quality control with respect to
the ESA products and a better ambiguity removal, using short range forecasts as a background.
Moreover it produces monitoring statistics from the comparison with these forecasts, that are
particularly useful for calibration and validation purposes. In January 1996, the PRESCAT out-
puts from ERS-1 scatterometer were introduced operationally into the ECMWF numerical wea-
ther prediction model, through the implementation of its 3D-VAR analysis scheme. Pre-
operational experiments have shown a positive impact on the analysed and first guess surface
fields, resulting in a significant improvement of the short range forecasts in the Southern He-
misphere. Similar results have been obtained with the ERS-2 scatterometer since the completion
of its commissioning, so that its data were implemented in 3D-VAR before the switch-off of
ERS-17s instruments on 3 June 1996.

1 -INTRODUCTION

ERS scatterometer data have been processed at ECMWE since the launch of ERS-1. The wealth
of information provided by the ECMWF numerical weather prediction model enabled an im-
portant contribution to the calibration and validation of the ERS-1 scatterometer, and led to the
design and the adoption by ESA of a new transfer function (CMOD4), more appropriate than
the pre-launch one (Stoffelen and Anderson, 1992). The subsequent progress made in the inter-
pretation of the scatterometer measurements further showed that a wind product of high quality
could be achieved taking advantage of the real-time availability of the model information. It
also became clear that the utility of such a product for numerical weather prediction would de-
pend on the ability of assimilation methods to make good use of surface wind observations (see
e.g. Stoffelen, 1994). A first step towards an effective use of ERS scatterometer data at ECMWEF
was therefore the implementation of the PRESCAT wind retrieval and ambiguity removal sche-
~me in July 1994 to reprocess the ESA data in real time. The next step was provided by the in-
troduction of a 3D-VAR analysis scheme in the operational assimilation system in January
1996. This paper gives an overview of the operational stage that has been reached in the use of
scatternmeter data. Sections 2 and 3 present respectively the pre-processing performed within
PRESCAT and the subsequent monitoring activities. Section 4 describes the assimilation of the
data in the 3D-VAR system, and section 5 focuses on the impact obtained both with ERS-1 and
ERS-2.

2 - THE PRESCAT PRE-PROCESSING

PRESCAT (PRE-processing of SCATterometer data) was developed from ESA’s wind retrie-
val and ambiguity removal software, called CREQ (Cavanié and Lecomte, 1987). Several chan-
ges were made to improve the original scheme, leading to a quite different processing (see
Stoffelen and Anderson, 1995 for details).




The inversion method was first reconsidered. The maximum likelihood estimator (MLE) used
in CREO to minimize the distance between the scatterometer measurements and the transfer
function was found to introduce a distortion of the backscatter space, prefering certain direc-
tions in the retrieval process. As a result a new MLE was implemented, computing the distance
in the transformed space defined by z = (6%)"92% where the cone described by the transfer func-
tion is nearly circular and gives a uniform distribution of retrieved directions. Moreover only
two solutions were kept, basically that with the smallest MLE residual and the first one in the

opposite direction.

The ambiguity removal scheme was also revised, Because of operational constraints, CREQ
uses only 18 hour to 36 hour range forecasts as a background information and therefore relies
strongly on the ranking of the retrieved solutions as a function of their MLE values to select the
right direction (autonomous ambiguity removal). Unfortunately the upwind/downwind sensiti-
vity is less than expected, and the process turns out to fail to provide a solution in about 30% of
the cases. Also PRESCAT takes advantage of the real-time availability of the ECMWEF short
range forecasts to make a greater use of model data. The current 3 hour, 6 hour and 9 hour range
forecasts are interpolated at the scatterometer measurement time, yielding a First Guess at Ap-
propriate Time (FGAT) that already removes 95% of the ambiguities by direct comparison.
Most of the remaining ones are then sorted out by means of a vector statistical filter propagating
the information from the areas where the confidence in the selected solution is high to areas with
a lower confidence.

Finally the quality control was extended. In PRESCAT, the check of the quality information
provided by ESA (including Kp values and missing packet counters) is just a preliminary step.
The application of a refined land-sea mask and a sea-ice screening deduced from the ECMWE
sea-surface temperature analysis allow a typical 15 % further data rejection, Moreover two ad-
ditional checks are done on the retrieval residual (MLE of the rank 1 solution), so-called «nor-
malized distance to the cone». On the one hand, this quantity must always stay smaller than 3
(3-C test), to avoid cases of geophysical effects not explained by the transfer function such as
rain, generally located at fronts or close to low pressure centres. On the other hand, it has also
to remain limited on average over 6 hours for each node; instrumental problems can thus be de-
tected, that relate to the measurement geometry and affect larger areas.

3 - MONITORING ACTIVITIES

In addition to performing wind retrieval and ambiguity removal, PRESCAT allows monitoring

statistics to be produced from the comparison between scatterometer data and FGAT winds.
These statistics can be useful both to follow the performance of the instrument in time and to
calibrate and validate its measurements immediately after launch. So procedures have been im-
plemented for ERS-1 and then applied to ERS-2.

Among those procedures, the monitoring of the mean normalized distance to the cone (averaged
over 6 hours) is of a great practical interest. Another particularly relevant diagnosis consists of
a comparison per beam and node between the backscatter values measured by the scatterometer
and those simulated applying the transfer function to the FGAT wind: Special care is taken to
remove any directional dependency in the process. For that, the data are filtered so as to ensure
a uniform direction distribution for each class of wind speed; the transformed space defined by
z = (6")%%% is also considered. An «ocean calibration» can then be established, which already
served the derivation of CMOD4 with ERS-1, and was very helpful to identify and solve the
beam bias problems met with ERS-2. In this case, the biases computed with the first week of



data (Fig. 1) turned out to remain valid all over the commissioning phase, and their simple sub-
traction from the raw data demonstrated from the beginning that wind products of a similar qua-
lity to ERS-1 could be achieved.

BIAS: <¢"obs>/<6" “igat>
ERS-2 obs. from 22/11/95 08:41 UTC to 28/11/85 20145 UTC
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FIGURE 1. Antenna biases produced by the «ocean calibration» for the ERS-2 scatterometer
over its first week of data (ascending tracks only).

In order to benefit more from the data available at ECMWF, the collocations provided by PRES-
CAT between scatterometer and FGAT winds have been completed by systematic collocations
with conventional observations from ships, buoys and islands. These collocations take advan-
tage of the quality control performed by the operational analysis, as well as its automatic blac-
klisting procedure. A further monitoring is thus made possible. Moreover the triple collocated
data set obtained between scatterometer, model and conventional observations should enable a
refined calibration of both ERS-1 and ERS-2 data in the wind domain. In parallel, routine col-
locations are also being implemented with wave data from the WAM model. Another way to
better control and interpret the measurements can consequently be expected, through an inves-
tigation of their dependencies on sea-state.

4 - ASSIMILATION IN 3D-VAR

ECMWE’s 3D-VAR analysis scheme (Courtier et al., 1993) relies on the minimization of a cost
function J = Jg + J + I, where Jg and Jq are quadratic terms measuring the distance from the
model state to its background estimate (first guess) and the observations respectively, and J- is
a penalty term expressing additional physical constraints. For scatterometer data, it has been
shown more appropriate to specify Jq in terms of wind rather than backscatter (Stoffelen and

- Anderson, 1995). Indeed, the observation errors are practically gaussian in wind components,
whereas the high non-linearity of the transfer function makes their description difficult in the
backscatter space. Therefore ERS scatterometer data are assimilated in the 3D-VAR system as
pairs of ambiguous winds, through a two-minima cost function of the following form :

105 = (Jy . IR + I,
with :

where u and v are the model 10 metre wind components, y; and v; (i = 1, 2) the scatterometer
observations, du and dv the associated errors and p an empirical exponent. The ambiguity re-
moval is thus performed implicitly during the minimization process, taking into account all the
information from the background field and the surrounding observations carried by the structure
functions. as well as the physical constraints of the cost function.




In practice, the observation errors 6u and &v are assigned a value of 2 m/s, and p is set to 4. The
two solutions provided by PRESCAT are used as input, sampled every 100 km to match the mo-
del resolution without introducing horizontal correlation. Moreover a wind speed bias correc-
tion is applied in the pre-processing, so as to avoid the systematic underestimation of high. winds
produced by CMOD4. That bias correction, derived from collocations between ERS-1 and buoy
data from Météo-France, turned out to be crucial to make a good use of scatterometer data in
3D-VAR : early assimilation experiments revealed a systematic tendency to fill up deep lows
because of too small pressure analysis increments associated to too small wind observation in-
crements, so that the impact was negative in the most interesting cases.

The 3D-VAR ambiguity removal turns out to give different results from the PRESCAT statis-
tical filter in about 1.7 % of the cases, The differences correspond most of the time to situations
with low wind speeds or phase errors in the first guess. On visual inspection, the 3D-VAR re-
sults generally show wind structures of a much better consistency (Fig. 2).
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FIGURE 2. Wind solutions given respectively by PRESCAT and the 3D-VAR analysis
for the ERS-2 scatterometer on 10/06/96 at 6 UTC

5- IMPACT RESULTS

ERS-1 scatterometer data have been used operationally in the ECMWF 3D-VAR assimilation
system since its implementation in January 1996, Pre-operational experiments were carried out
to assess their impact, performing parallel runs with or without them at a spectral truncation”
T106 (horizontal resolution 125 km) and over a 2 week period in December 1994 (Gaffard and
Roquet, 1995). A clear improvement was found in the analysed and first guess surface fields,
associated to a decrease of the departures between the first guess and the different types of ob-
servations used in the assimilation system, That decrease was in the order of 4 % for scattero-
meter data and 2 % for buoy pressure measurements in a RMS sense, and generally seemed
more significant in the Southern Hemisphere, An improvement was also observed for the 12
hour-range forecasts in the Southern Hemisphere. Moreover the impact on medium-range fore-
casts, measured in terms of anomaly correlation, was found neutral or slightly positive eve-
rywhere, with a maximum over Northern America (Fig. 3), due to the particular conditions that
prevailed during the study period (storms developing in the eastern part of the North Pacific).
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FIGURE 3. Forecast scores obtained with (solid ilirze ) and without (dashed line) ERS-1 scatte-
rometer data over Northern America, averaged over 14 cases.

These results are in agreement with those obtained in previous studies using OI assimilation
schemes, which generally indicated substantial benefits for surface fields in the short term,
mainly in the Southern Hemisphere where the observations are sparse, but a limited impact in
the long term because of a redundancy of scatterometer data with other types of observations
(e.g. satellite temperature soundings) at large scales. It is likely that the 3D-VAR scheme, in spi-
te of its advantages for ambiguity removal, does not yet enable an optimum use of surface wind
observations because of the fixed error correlation structure it still assumes, especially in the
vertical direction. However it opens the way to 4D-VAR assimilation schemes which will fol-
low the same implementation framework and bring a variation of the structure functions dyna-
mically consistent with the meteorological conditions.

New assimilation experiments have been performed from the ERS-2 scatterometer since the
completion of its commissioning at the end of March 1996. As its performance was demonstra-
ted to be virtually identical to ERS-1, exactly the same data pre-processing was kept. Similar
improvements were confirmed for the analysed and first guess surface fields. Consequently the
ERS-2 data were substituted to their ERS-1 counterparts in the operational system on 1 June
1996, before the switch-off of ERS-1"s instruments on 3 June.

These experiments were taken as an opportunity to study the impact of the two instruments to-
" gether, in order to get a first idea of what can be expected from future two-swath scatterometers
such as NSCAT or ASCAT. For that purpose, four assimilation configurations were tested over
a 4 day period (1-4 April 1996) : no scatterometer data, ERS-1 or ERS-2 data only, and both
ERS-1 and ERS-2 data. Preliminary results show an appreciable gain on average in the fit
between first guess and observations in the tandem configuration : the vector RMS difference
between the scatterometer and FGAT winds decreases by 13 cm/s (out of 3.40 m/s) when both
instruments are effectively used, instead of 9 cm/s and 7 cm/s respectively when only ERS-1 or
ERS-2 data are assimilated. Moreover, a study of the most significant cases, imposing an arbi-
trary minimum value, so-called «impact threshold», on the vector differences induced by the
data in the first guess field, indicates that the main improvements brought by ERS-1 are little
reduced when the ERS-2 data are already assimilated (Fig. 4). Nevertheless, the reverse is far
from being true. It seems that the orbit phasing between the two satellites, leading ERS-2 to fly
over the same areas as ERS-1 24 hours later, makes the ERS-2 data redundant with the infor-
mation kept from ERS-1 after one day.
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Abstract

During August/September 1995 new near surface wind datasets over the tropical
Atlantic from both the ERS-1 scatterometer and METEOSAT satellites were available
at ECMWF. At this time there was an unusually high number of hurricanes present in
- the tropical Atlantic and so the impact of these data on analysing and forecasting the
main cyclones was investigated. Assimilation experiments using a new variational
scheme, with the ERS-1 winds, showed clear improvements both in the analyses and
short range forecasts, compared with the Optimal Interpolation scheme without these
data. For example the forecast positions for hurricane Iris were reduced by almost 50%
when the scatterometer data was included. For hurricane Luis the improvement was for
a higher percentage of cases when the model identified t::= cyclone in the 24 and 48
hour forecasts. For the 72 hour forecasts 80% of the reported cyclones were detected

compared with only 33% for the analyses without ERS-1 data.

The impact of the METEOSAT lower-tropospheric cloud motion winds was found to
be small due to lack of coverage in the vicinity of the centre of the hurricanes at this
time. The impact of one profile from a ship in the vicinity of hurricane Luis just before
its approach to the Caribbean Islands was clearly demonsirated bv large improvements

to both analyses with and without the scatteremeter winds.




1. Introduction

Accurate forecasts of tropical eyclone (TC) positions and intensities are vital for coun-
tries affected by their associated severe weather, Several operational global forecast
centres (e.2. UK. Meteorological Office, U.S, National Weather Servica routinelv dis-
seminate TC forecasts to national meteorological services, The forecasting of TCs by
global numerical weather prediction (NWP) models has improved recently through a
better representation of the physical processes in the models and higher mode! resolu-
tions allowing the TCs to be better represented (Shun 1992), The current operational
forecast model at the European Centre for Medium-range Weather Forecasts
(ECMWF) resolves half wavelengths to about 90 km (referred to as T213) but there are
plans to improve this within the next few vears allowing more of the structure of a TC
to be resolved. Another factor leading to improvements is a better definition of the ini-
tial state of the atmosphere through improved data assimilation systems. ECMWF has
recently implemented a 3 dimensional variational assimilation (3D-Var) system
(Courtier et. al. 1993) and a subjective study comparing the forecast skill of the previ-
ous optimal interpolation scheme and 3D-Var for over 60 TC cases showed an overall
improvement in short range (<96 hour) forecasts (A. Lanziger, ECMWF, pers. comm.).
However to date the lack of conventional data and satellite observations (Reed et al.
1988) over the tropical oceans hampers significant improvements in the model analy-
ses in the vicinity of TCs. This has led to "bogusing” techniques being developed by
some centres (Serrano and Unden, 1994; Heming et. al., 1995) which derive synthetic

observations for assimilation into the analysis to improve the position of the TC,

The current resolution of the ECMWF T213 model does not allow the possibility of
resolving the fine-scale structure and physical processes of the TC centre. However the
model can analvse the large-scale flow in which the TC exists, giving indicarions of its
intensity and position. Since no bogusing is performed, good data coverage is essential
for accurare :umiysis: In recent years several new sources of sateilite data have become
available in near real time on the Global Telecommunication System that potentially
could improve the analysis of TCs. Firstly a satellite dataser which has been assimi-
lated operationally at ECMWF from 30 January 1996 is the microwave scallerometer
surface winds from the European Space Agency polar orbiting satellites ERS-1 and
ERS-2. These data are unarfected significantly by ¢loud and precipitation allowing the

sea surface winds in the vicinity of 2 TC to be infarred, Their onlv drawback is the rei-

atively narrow swath width (430 ¥m) and Gencs iimited zoverage af the ZRS instry-
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ments aithough this will be improved for future instruments. In spite of this there have
been positive impacts in the short range forecast demonstrated over the southern hemi-
sphere oceans and northern Pacific Ocean due to the inclusion of scatterometer data in
the analysis (Gaffard and Requet. 1993). Secondlv low level geostationary cloud
motion winds (CMW) can have a better coverage if the higher resclution visible chan-
nel images are tracked during daylight. From June 1994 undl November 1995 the
European Space Operations Centre (ESOC) produced such a product from the METE-

OSAT visible channe! ‘magery in :n attempt to improve the CMW coverage over the

Atlantic and SW Indian Oceans (Ottenbacher et al. 1996).

The 1995 hurricane (i.e. Atlantic TCs) season was characterised by an unusually high
level of activity. At least 19 tropicalr cyclone events were identified between June and
the end of October, generally developing off the west African coast and crossing the
tropical region of the North Atlantic. Among these, eleven were classified as hurri-
canes. This paper gives some examples during this period of the impact of the scatter-
ometer near-surface winds combined with the new variational assimilation for
improving the analysis of hurricanes in the ECMWTF forecast systern and also their
impact on the short range forecasts. The impact of the METEOSAT low level CMWs

was also investigated.

2. Characteristics of the ECMWF forecast system

a) The model

The ECMWF forecast system consists of two components: a general circulation model
and a data assimilation system. The general circulation model (see Ritchie et al., 1995
for details) is a spectral, primitive equations model with a horizontal truncation of
T213 and 31 vertical levels. using a semi-Lagrangian time integration with a time step
of 15 minutes. The spectral model truncation of T213 corresponds to a smallest
resolved half-wavelength of a little over 9Ckm and the computationai 2rid has a resolu-
tion of about 60km. The model includes a comprehensive set of ravsical parametriza-
tions. representing processes such as convection. clouds. radiation. friction and
dirfusion. The cloud parametrization scheme allows the main cloud relared processes
t0 be treated in a consistent manner by ferecasting both cloud fraction and cioud warter/
T

ice content with prognostic equations. The modeil can generate intense cvclonic svs-
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The momentum transport in the convection scheme (Tiedtke. 1989) prevents the sur-

face pressure values from reaching unrealistically low values for this model resolution.
b) Data assimilation

A major change in the ECMWF data assimilation svstem was made at the 2nd of Janu-
ary 1996, when the Optimal Interpolation (OI) method was replaced by a new three-

dimensional variational analysis (3D-Var) scheme, In 3D-Var the observations are
combined with the model first guess (6 hour foreecast) through the minimization of a
cost function (Courtier et al., 1993). Compared with OI, one major advantage of 3D-
Var is that it can handle observations which are non-linearly related to the analysed
quantities, for example it can directly assimilate radiance measurements from satel-
lites, 3D-Var includes coupling between mass and wind fields through the correlation
in background errors of mass and wind. At the time of these experiments however this
multivariate formulation was used only in the extra-tropics, so both the 3D-Var and O

schemes were univariate in the tropics.

The data used for the geopotential height and wind field analyses come from in situ
observations from surface stations, aircraft, radiosondes and drifting buoys and from
remotely sensed data such as Cloud Motion Winds (CMW) from various geostationary
satellites and radiances from the TOVS (TIROS Operational Vertical Sounder). The
temperature analysis increments are derived from the geopotential height increments
assuming hydrostatic equilibrium. The analysis of specific humidity relies on radio-
sondes and TOVS radiances. Low level CMW and TOVS data are used only over oce-
anic areas, The OI and 3D-Var systems include the same observations, with two
exceptions: TOVS data are assimilated in OI as retrieved profiles (Eyre et al., 1993)
and in 3D-Var as radiances (Andersson et al,, 1994); secondly the ERS scatterometer
data are not assimilated in OI The scatterometer data are assimilated in 3D-Var
directly using the rétrieved ambiguous wind vectors with the most appropriate wind

vector being selected during the minimization process itself (see below),

3. Satellite surface wind observations

Conventional observations on the West African coast help identity the easterly waves
which mayv evolve into tropical storms over the Atlantic Ocean, Dara coverace i usu-
ally rather poor as the disturbancs moves across the Atlanue. where onlv sparse wind

soundings from occasional ships are avaliabie. The consistent zoverage 51%sred Hv sat-
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ellites over the ocean can be essential for improving TC monitoring. An example of
this is given in Figure la, where a ~IETEOSAT visible image on 31 August 1995 ag
[ 2Z reveals four tropical storms present at this time. The vellow vectors are scatterom-
eter surface winds derived from two swaths of the ERS-1 satellite. at 12:457 and
4427 respectively: the green and red vectors are respectively visibie and infrared
METEOSAT Cloud Motion Winds (CMW) below 700 hPa. Note the CMW data from
the GOES EAST satellite were not available at this time but the TOVS radiances were
always used if a NOAA-12 or NOAA-14 overpass occurred during the anaiysis period.
The conventional wind reports, shown separately in Figure 1b were rather sparse, and
almost absent from the large area relevant for the formation of TCs. Thus the potential
benefit of the new satellite datasets. particularly the scatterometer winds as shown in -

Figure la, is clear.

The scatterometers on board the ERS-1 and ERS-2 satellites use 3 antennae, pointing
in azimuths of 45, 90 and 135 degrees with respect to the satellite ground track. These
antennae measure the microwave backscatter from the sea surface in the C band (5.3
GHz), at a 50 km resolution, within a 450 km wide swath related to a grid with a mesh
of 25 km in the across and along track directions. Wind vectors are retrieved from the
measured microwave backscatter triplets obtained in that grid by inverting an empirical
model (Stoffelen and Anderson, 1997) expressing the backscatter coefficient as a func-
tion of the surface wind speed and its direction with respect to the viewing azimuth.
Since the wind-driven waves responsible for backscattering show little asymmetry
when viewed in the upwind or downwind directions, the inversion results in a direc-
tional ambiguity, with two possible wind vectors of similar amplitudes and roughly

opposite directions. This ambiguity needs a priori information to be removed.

The 3D-Var analysis scheme relies on the minimizaticn of a cost function J,
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where Jg and J5 are quadratic terms measuring the distance from the model state o its

background estimate (first guess) and the observations respectively. and J- is a penalty

ag

erm imposing physical constraints (especially the absence of fast growing graviry

waves). For scarterometer data. It has been shown o be more successiul 10 specify In
in terms of wind vecter rather than backscatter measurements ¢ Stoffelen and Anderson




high non-linearity of the transfer tunction complicates the specification of the ohserva-

tion errors in the backsecatter domain.

ERS scatter: meter data are assimilated in the 3D-Var system as puirs of ambiguous

winds, through a two-minima cost function of the following form:

Jo M = (1) . Ja)I(J,P = 1,7y /P (2)
with:

T = (o - w¥du? + (v; - v)/dv? (3)

where u and v are the analysed 10 m wind components, u; and v; (i = 1, 2) the scatter-
ometer observations, du and dv the associated measurement errors, assumed to be 2

m.s™!, and p an empirical exponent set to 4. The ambiguity is thus removed implicitly
during the minimization process, taking into account all the information from the back-
ground field and the surrounding observations carried by the cost function, together
with the corresponding physical constraints. The scatterometer winds are propagated in
the model fields through the error structure functions of the Ji term, both in vertical
and horizontal directions, and in terms of mass as well as wind - with the restrdiction
that the 3D-Var scheme was actually univariate in the Tropics at the time of the assimi-

lation experiments considered in this studyv.

Before being passed to 3D-Var. the ERS data are processed and qualitv conmolled
within a pre-processing procedure called PRESCAT (Stoffelen and Anderson, 1997),
They are also sampled every 100 km to match the model resolution without introdue-
ing horizontal correlation. In addition a speed bias correction is applied. to remove the
underestimation of high winds produced by the transfer function. CMOD4 (Gaffard
and Roquet. 1995). This bias correction. derived from collocations with buov data, was
crucial 1o make good use of scarterometer data in the 3D-Var svstem. Before it was
applied. assimilation experiments showed a svstematic tendency to “fill” deep mid-lat-
itudes lows because or oo low wind speeds inferred from the scatterometer measura-

menis.
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ERS scatterometer data have beesn used operationally in the ECMWF 3D-Var system
since its implementation in January 1996, starting with ERS-1 and switching to ERS-2
after the decommissioning of ERS-1 in June 1996. The orbit of the satellite is such thut
the swaths (see Figure la) are separated bv about 100 minutes in time and 2500 km in
distance at the equator, and roughiy cover the same geographic area around local noon
and midnight. It should be noted that this data coverage is sometimes reduced. espe-
ciallv in coastal areas where only two antennae are often available. or in places where
the Synthetic Aperture Radar (SAR) is operated in image mode. which requires the
scatterometer to be switched off. However none of these cases occurred in the region

and period stusied, and the data availability was remarkably stable.

4. Results of assimilation experiments

a) The study period

The study period was from the 24 August to 8 September 1995. Four major tronical
disturbances occurred over the tropical Atlantic in this period: Humberto, Iris; Karen
and Luis. Humberto and Iris had already reached the stage of mature hurricanes at the

beginning of the assimilation period. Karen only developed to tropical storm intensity,
while Luis was one of the most devastating hurricanes of the year causing much dam-
age on the Leeward Islands. Karen and Luis could be followed from their initial devel-
opment in the Eastern Atlantic, just to the west of Africa. Reports on the position and
intensity of the cyclonés from the U.S. National Weather Service (National Hurricane
Centre, Miami) providéd the best estimate of the hurricar2 positions for the evaluation

of the performance of the analyses and forecasts of the ECMWF model.
b) Description of the assimilation experiments

The impact of the scatterometer and METEOSAT winds on the analyses and forecasts
was studied in a series of dara assimilation experiments. Inital experiments using the
new 3D-Var analysis scheme at T106 resolution (half wavelength of 130km
terometer data showed ciear that this configuraticn of the a Asmmahc vstem was
perrorming better than the OI analysis (also ar T106 resolution; withour seatteromerer

data. Experiments J.tT 06 resclution using low level CMW from METFOSAT der
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Given the positive impact of 3D-Var with scatterometer data at T106 resolution. it was
decided to assess the impact of a SCAT/3D experiment at the operational (i.e. T213)
resolution. This experiment was started on 24 August 1995 and ran for 16 davs. The
results were compared to those of the operational assimilation run which used the Ol
assimilation scheme with no scatterometer winds. This control run. denoted hereafter
as CON, had the same model physical parametrizations as the SCAT/3D experiment.
Finally to investigate the relative contributions of the scatterometer data and the 3D-
Var analysis to the improved performance, two 3D-Var experiments were rerun with

and without the scatterometer data,

[n the SCAT/3D case, given the orbit pattern of the ERS-1 satellite and the range of
longitudes under consideration, only four swaths were available on most days, witi1
two swaths in the analysis period centred on 12 Z (descending tracks) and two centred
on 0Z (ascending tracks). With their 450 km width and nearly 2500 km separation dis-
tance at the equator, these swaths when present led to a data coverage ratio of the order
of 20%. However their influence was increased to almost 40% of the area of interest if
one takes into account the 250 km correlation distances of the error structure functions

used in the analysis scheme.
¢) Impact on the analysis

During the study period the National Hurricane Centre reported the position of the four
tropical cyclones at 12 Z for a total of 32 cases. The location of the cyclone in the anal-
ysis was estimated from the latitude and longitude of the maximum in the relative vor-
ticity field at 850 hPa as proposed by Reed et al (1988). Recent work on the abilitv of
the ECMWF re-analysis fields to describe TCs showed that TC tracking is more accu-

rate when performed following vorticity maxima rather than pressure minima (E. Ser-

rano, ECMWF, pers. comm.). A threshold of 5x107 57! was required for the relative
vorticity maxima values to be considered representative of a strong circulation and
below this value the TC was considered as missed by the analysis. Onlv the cases when
the TC was located equatorward of 30"N were considered. The results are influenced
by the resolution of the model irself which is approximately 90 km. Table 1 shows for
each identified TC the mean difference between the analysed position and the reporred
position. the number of cases successfully detected as a TC for aach eXperiment and

the number of cases improved by the SCAT/2D assimilation,
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In the SCAT/3D analysis all the reported TC positions were detected. while one. for
Karen on 30 August 1995, was missed by CON. Out of the 32 cases considered. 22 had
a better position in SCAT/2D. More significantly the mean position error was reduced.
from 173 kmto 111 km. The difference in the means was found to be significant at the
5% confidence level. As the uncertainty in the TC position is limited bv the mode!
resolution of 90 km. the mean value achieved by SCAT/3D is close o the maximum

precision achievable with this mode! resolution

To study the day to day model performance it is useful to refer to the time evolution of
the wind and relative vorticity fields at 850 hPa at 12Z for SCAT/3D and CON over the

tropical Atlantic as shown in Figure 2.  The contour of the vorticity field starts at

5x10™ s'l, to make the interpretation of the maps easier and to be consistent with the

threshold method used for the location of the hurricanes.

The initial development of the cyclones is generally well described in both analyses.
The formation of Karen and Luis can be clearly recognized in the high relative vortic-
ity values around 10°N - 20°W on the 24 and 27 August respectively. The capability of
the model to form these tvpe of disturbances, using synoptic observations and CMW,
has already been demonstrated (Reed et al, 1988). The main problem is the conserva-
tion of the system over the sea. After leaving the African coast, easterly waves fre-
quently weaken when they encounter colder water in mid-Atlantic. In the CON
analysis the signature of the TC is systematically weaker than in the SCAT/3D analy-
sis. This is particularly evident in the case of Hurricane Luis between the 31 August
“and 3 September. Only a weak circulation is present in CON whereas SCAT/3D exhib-
1ts a more realistic system with more sustained winds (see Fig. 2) and better position-
ing of the storm centre (the mean position error for these four davs is 64km for SCAT/
3D compared with 212km for CON). The case of Karen on 30 August is another axam-
ple. with the storm being missed by the CON analysis while SCAT/3D has irs intens: 8%

correct and a position error of 33km.

The later stages of the hurricane development (1.2, intensification whilss Approaching

crited in both the CON

[%¢)

ot

he Caribbean Isiands) were well de

For example the aigh relative vorucity values of

period and of Luis rom the 4 \GD[ mber onwards wers well reoresented as shown in

Figure 2. The main difference berwesn the two SXDETUments s in the location or the
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Hurricane [ris from the 28 to the 31 August is 49%km in SCAT/3D. an improvement of
200km with respect to CON,

In summary SCAT/3D improved the analysis of the three storms: [ris, Karen and Luis.
while it was neutral for Humcane Humberto (which had alreadv reached a mature
stage of development at the beginning of the assimilation period). The higher perform-
ance of SCAT/3D with respect to CON is a combined effect of the change from the OI
to the 3D-Var assimilation scheme and of the use of scatterometer winds (see below).
Figure 3 is an example, showing the scatterometer swath covering the storm Karen on
the 31 August at 0 Z (a) and the SCAT/3D First Guess (FG) (b) and analysed (c) wind
field at 850 hPa valid at the same time. The analysis minus FG increments arise from
the lowest model level in correspondence with the scatterometer swaths and are then
transferred to the wind field at 850 hPa through the analysis vertical structure func-
tions. The same increments were not present in the CON analysis (not shown) which

missed the storm at that ome.

A case showing positive impact of the conventional data is that of Hurricane Luis on 4
September at 12Z. The circulation at 850 hPa was intensified to the east of the Carib-
bean Islands in both SCAT/3D and CON and the reason for this is the modification of
the analyses by a critical SHIP/TEMP observation at 19.4°N - 57.9°W reporting a wind

speed of 32 m.s”! and 37 m.s"! at 850 hPa and 820 hPa respectively, compared with the

CON and SCAT/3D first guesses of 13 and 20 m.s™! respectively. This profile was from
a vessel participating in the Automated Shipborne Aerological Programme (ASAP).
The assimilation of this single observation was especially beneficial for CON, giving
considerable increments to its analysis. Subsequently the better data coverage from the
Caribbean Island stations and aircraft in this region resulted in a more accurate descrip-
tion of the hurricane in CON and hence small analysis differences berween the two
experiments from this point on. Note that at the end of the period the model gave val-
ues of 977hPa for the minimum surfacz pressure compared with 942hPa reported due

to the limited resolution.

d) Impact on the forecast

The impact of the scarterometer data ‘with 2D-Var was investigated in terms of fore-
4818 by repeating the maximum vorticity study with the 24, 48 and 72 h.ur forecasts

with the same method employed for the anaivsis. The results are shown in Tables 2
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and 4 and are limited to the cases of Humberto, Iris and Luis which were the onlv ones
to actually become hurricanes. Note that the forecasts for the first days were not availa-
ble (as SCAT/3D analyses were not computed before the experiment period) resuiting
in a lower number of cases than for the analyses. Cases are considered missed bv the
forecast when the maximum vorticitv is lower than the threshold of 5x10~ 57! (as for
the analysis) and also when the location of the reported and forecast maxima are more
than 400 km apart. These “missed” cases must be taken into account when evaluating
the forecast performance. The mean 24 hour férecast error is reduced from the 216 km
of CON to 161 km of SCAT/3D, with just one more case missed by SCAT/3D. A simi-
lar improvement is found also in the 48 hour forecast, from 197km to 182km, with
more positions detected in the SCAT/3D forecast. Finally a most striking | improve-
ment is found in the 72 hour forecast. At this range the SCAT/3D experiment is able to

forecast 17 TC positions (80% of the total reports) with an error of 266 km compared

with only 7 cases detected in CON (the large difference in number of cases means the

position errors in Table 4 cannot be compared except for Iris). For all forecast ranges

examined SCAT/3D improves the position error of half of the total cases reported.

The forecast impact is almost neutral for Humberto (same as the analysis impact),
whilst it is very positive for Iris and Luis. For Iris, as the number of cases detected by
the two experiments only differ by a maximum of one, the forecast errors can be com-
pared. SCAT/3D misses one case, the forecast from the first day of the assimilation
period; but its reduction in the one day forecast error is almost 50%. For Luis the
improvement is for a higher percentage of cases where SCAT/3D is able to forecast all
the reported positions in the 24 and 48 hour ranges and misses only one in the 72 hour

forecast (corresponding to seven for CON),

For forecasts beyond 72 hours the impact of the improved analyses was lost as forecast
model errors became more important in the prediction of the position and strength of

the hurricanes.

As the SCAT/ZD experimem improved the analvsis of Hurricanes Iris and Luis. case
studies were used o illustrate the impact on the corresponding forecasts. The analvses
and 43 hour forecasts from the SCAT/ZD and CON experiments were 2xamined indi-
viduaily and compared for the most significant phases of both 2vents. The study

focused on the surface wind and pressure fleids




For Hurricone Iris, the CON analyses exhibit an erroneous eastward shift of 180-360
km in the position of the low pressure centre from 28 to 31 August. which does not
occur in the SCAT/3D analyses using scatterometer data. A swdy of the forecasts
shows that the improvement is retained by the model. A swath covering the storm cen-
tre in the 12Z analysis period from 28 August. followed by new swaths crossing the
centre of the system every day from 30 August, either around 0Z or 12Z. ontributes to
reduce the SCAT/3D position error to about 90 km or less. A similar shirt to that found
in the analyses appears in the CON 43hr forecasts valid for 30 August to | September -
i.e. 48 hours later -, and is greatly reduced in the SCAT/3D case as illustrated in Fig;re
4 with the forecast from 30 August. The analyses of SCAT/3D and CON shown for
verification indicate a better agreement between the forecast and analvsed fields for the

former.

With Hurricane Luis, the impact of SCAT/3D is seen more in terms of intensity than
position. Indeed, the cyclone centre is fairly well located in the CON analyses through-
out the period, but the low pressure and the associated wind speeds are significantly
underestimated as the system strengthens between 1 and 5 September before reaching
the Caribbean Islands. As before, scatterometer swaths crossed or passed very close to
the centre every day from 29 August to 3 September, alternately around 0 Z and 12 Z,
and improved the analyses having a positive impact on the forecasts. The benefits of
SCAT/3D are greatest for the analysis period from 1 to 3 September (see Fig. 2) when
the lack of conventional data is the most severe and virtually causes CON to miss the
development of Luis, The analysed minimum surface pressure remains lower by 2 to
3 hPa with SCAT/3D than CON every day, and the 48 hour forecast pressure also
remains lower, The results are more obvious for wind speed, as shown in Figure 5: the
SCAT/3D forecasts display systematically much stronger winds close to the centre.
although the vortex is roughly located at the same place in both cases. Even when the
operational analvsis has captured the cyclone correctly on 4 September and produces
more realistic wind speeds. the SCAT/3D winds remain stronger at shorer distances

from the centre,
e) Relative impact of the 3D-Var analysis and the scatterometer winds

Two additional assimilation experiments were performed at a later stages of the sudy to
check the respective roles of the scanterometer observations and the 3D-Var analvsis

scheme in the above resuits. As it wvas not possible to recreate identical *=nditions o
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the 1995 pre-operational tests. the 3D-Var assimilation System was re-run over the first
part of the study period with the latest version o the ECMWFE mode! and 5D-Var at

TZ13 resolution, successively with and without scatterometer data.

Although the use of a slightly different version of 3D-Var made the companson with
the previous SCAT/3D results ditfcult. the study of the analvsed cvcione centre posi-
tions from the maximum of vorticity at 850 hPa clearly confirmed the nositive zm:;c:
of the scatterometer data on the analysis. and hence on the forecast. The € mean positicn
eITOr was again significantly reduced in the experiment including scatterometer dora
and the cyclone centre was analysed systematically whereas it was virtually missed for
Luis in the 3D-Var experiment with no scatterometer data (for the few days included in
the rerun i.e 1-2 September). In the latter case the i improvements uOLId be related to the
analysis increments observed along the ERS-1 tracks as in the example showed with
Karen prevzously in Fig. 3. However a positive contribution from the 3D-Var analvsis
scheme was also evident, especially in the case of Iris where the mean position error in
the absence of scatterometer data was reduced to 157 km from 181 km obtained for the
OI scheme in CON. These new results confirm the benefits seen in the SCAT/ZD

xperiment over CON were a combination of both the scatterometer winds and the 3D-

Var assimilation.

5. Conclusions

New datasets of satellite near surface wind observations of ropical cvclones have besn

d during the %uoust/Septe mber 1995 period over the wopical Atlantic ro investigate
their impact on improving the analysis of the hurricanes occurring at that tme. Several
experiments were carried out. with the new data sourcas being assimilated into the
ECMWF forecast model fields along with all the conventional and other satellite obser-

vations availabie on the Global Telecommunication Svstem.

The scatterometer surface winds used n the operational 3D-Var assimilation svsiem
Cciear!v showed instances where the position of the hurricanes had been improved ov




coverage and increase the likelihood of providing surface wind vectors regularly over
tropical evelones. The use of the 3D-Var assimilation system clearly provides a consist-
ent way of selecting the correct wind vector from the 2 ambiguous vectors, [t is impor-
tant o emphasize that in addition to the use of the scatteromerer winds some of the
benefits come because the 3D-Var assimilation svstem made better use of all available
observations to improve the analysis in the tropics, The optimal use of the new seatter-
ometer data with improved coverage could eliminate the need for bogusing techniques

to be applied to NWP analyses.

The impact of the lower tropospheric cloud motion winds from MET ZOSAT (both the
operational infrared low level winds and the high resolution visible winds) was for this
period not significant on the analysis. This was due to the relatively poor coverage of
the METEOSAT cloud motion winds as in most cases they were only available around
the periphery of the hurricanes, making it difficult for the assimilation system to
improve the hurricane position and magnitude of the winds, Recently high resolution
datasets from the new generation GOES satellites, not available operationally at this
time, have demonstrated significant impacts in the NWP models (Velden et al 1997).
Satellite operators are encouraged to develop techniques to produce more low level
CMW in the vicinity of tropical cyclones.

Finally the importance of radiosonde observations is also clearly shown in this study
by the rapid modification of the analyses of Hurricane Luis on 4 September by one key
ASAP wind profile observation from a ship to the east of the Caribbean Islands.
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Figure Legends

Fig. | a) Data coverage for 31 August 1995 at 12Z, of satellite wind observations.
ERS-1 scatterometer surface winds (vellow vectors), METEOSAT VIS (green) and IR
(red) CMW below 700 hPa are overlaid on a Meteosat visible image. b) The coverage
from the conventional observations over the same area between 700 hPa and the sur-

faca.

Fig.2 Time sequence of analysed wind and relative vorticity field at 850 hPa from 24
August to 8 September 1995 at 12Z, for ~1 (CON) versus SCAT/3D. The relative vor-

ticity contour interval is 5x107 s°!. The first letter of the assigned name of each event
is also plotted to aid identification (when in brackets the position was not available
from the NHC). H=Humberto, K=Karen, I=Iris and L=Luis.

Fig.3 Surface winds measured by the scatterometer (a) for storm Karen on the 3!
August at 0 Z. First Guess (b) and analysed (c) wind field and relative vorticity at
850hPa of SCAT/3D valid at the same time. The relative vorticity contour interval is

2.5x109 571,

Fig.4 CON (a) and SCAT/3D (b) 48hr forecasts of Hurricane Iris and their respective
verifying analyses (c) and (d) for surface winds (arrows) and pressure (isobars) on 1
September 1995 at 12Z . The reported cyclone centre is marked by the black square.

Fig.5 CON (a) and SCAT/3D (b) analyses on 3 September 1995 of Hurricane Luis and
their corresponding 48hr forecasts (¢) and (d) for surface winds (arrows) and pressure
(isobars) on 5 September 1995 at 12Z. The reported cyclone centre is marked by the

black square.



TABLE 1. Comparison of SCAT/3D and CON analysis position errors during
the period 24 August to § September 1993. The number of cases recognized in
each experiment is aiso compared with the number of reported positions. In the
last column is given the number of improved SCAT/3D analvses in terms of
position error.

Position Error tkm) No. of cases
No. impr.
SCAT/ZD CON SCAT/2D  CON  Reported  SCAT/3D
HUMBERTO 223 218 6 5 6 3
IRIS 71 181 10 10 10 7
KAREN 102 131 3 4 3 2
LUIS a0 156 ‘ 11 11 11 9
ALL 111 173 32 31 32 22
TABLE 2. Same as Table 1 but for the 24 hour forecast
Position Error (km) No. of cases
No. impr.
SCAT/3D CON SCAT/3D  CON Reported SCAT/AD
HUMBERTO 267 288 3 4 5 2
IRIS 137 232 3 9 S N
LUIS 133 136 11 10 1 3
ALL 161 116 22 - 23 23 12
TABLE 3. Same as Table 1 but for the 48 hour forecast
Position Error (km) No. of cases
No.impr.
SCAT3D CON SCAT2D CON  Reported  SCATAD
HUMBERTO 190 347 : z -
RIS =7 i : - 3 B
T ‘Tq T

LD [l

1 1 ~n
R 1 SV ) e




TABLE 4. Same as Table 1 but for the 72 hour forecast

HUMBERTO

IRIS

LUIS
ALL

Bosition Error (km)

SCAT/3D CON
385

132 257
264 190
266 219

No. of ¢ases

SCAT/3D CON  Reported
3 0 3
4 3 7
10 4 11
17 7 21

No. impr.
SCAT/ID

3

2
§ *
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Global validation of ERS Wind and Wave Products

ANNEX E

. Influence of observations on the operational ECMWF system
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Observing System Experiments with the 3D-Var
Assimilation Sysiem

Per Undén, Graeme Kelly, Didier Le Meur and Lars Isaksen

1. Introduction

The cost of making observations is by far the largest single cost in the whole process of making a forecast. The cost—
efficiency of the composite observing system is uppermost in the minds of those concerned with funding and operating the
World Weather Watch. The requirements of a composite observing system vary with the forecast range. forecast area, and
forecast weather element. The'requirements also vary with the required accuracy for each forecast element. For example,
precipitation forecasts are less accurate than pressure forecasts, because of modelling problems and a lack of data on
moisture and clouds. Equally, requirements for wind forecast accuracy are more stringent for ocean wave— forecasting
than for general marine forecasting, because a wave model is very sensitive to wind forcing. Here we assess through
observing system experiments (OSEs) the contribution made by the main ground-based and satellite based operational
systems to medium range forecasting. OSEs are data assimilation experiments where one can assess the impact of an
operational observing system by deleting its observations from the operational network and then running extended data
assimilation and regular forecasts with the reduced system to assess the contribution of the deleted system to the total
operational system. Equally OSEs can be used to assess the value of a new or experimental observing system by running
extended data assimilation and regular forecasts with and without the new system, to assess its overall impact on forecast
and analysis skill. '

Given the vast cost of observations it behoves NWP centres to make effective use of observations. Kelly et al. (1993)
performed a series of observing system experiments in 1991 with the then-operational ECMWF system based on optimal
interpolation (Ol, Lorenc, 1981). They used a baseline observational system consisting of in-situ data- only and
comprising radicsondes, aireps, synops, ships and buoys. They used OSEs to assess the impact of adding SATEMs only.
SATOBs only, and SATEMs plus SATOBs to the baseline system. The satellite observing systems were not additive in
terms of their forecast impact. Northern Hemisphere forecast scores were best with SATOBs without using SATEMs.
Also SATEMs without using SATOBs was slightly better than using both SATEMs and SATOBs in the assimilation.
These unsatisfactory results triggered a critical appraisal of the use of data in the OI system. The experiments revealed
problems with the use of NESDIS TOVS satellite thicknesses in the Northern Hemisphere (Andersson et al. 1991, Kelly et
al. 1991) and as a consequence TOVS data were removed from the Northern Hemisphere and tropical troposphere until
the introduction of ID-VAR in 1992 (Eyre et al.,1993).

Furthermore, it helped to motivate the development a 3D-Var system which could make a direct analysis of TOVS
sounding radiances together with all other data. The purpose of the present paper is to repeat and extend the =ariier
experiments, but this time using the 3D—Var assimilation system, which became operational in early 1996. The present
results are much more satisfactory than the earlier results, and demonstrate that the main observing systems are
contributing in important ways to medium range forecasts in the Northern Hemisphere, in the tropics, and in the Southern
Hemisphere. Equally the results are a validation of the performance of the 3D-Var system, and show that in broad terms it
1s working as intended in all three areas.

OSEs are normally performed globally at ECMWF in order to study global impacts of observing systems as well as of the
data assimilation system itself. With a global medium range forecasting system it becomes natwral to study the effects on
the global scales since impact spreads over large parts of the hemispheres during medium range forecasts. Such observing
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system experiments have been carried out recently for the satellite observing systems and for some of the conventional
syslems. Im[mut of scatterometer data has been studied separately in both 3D= and 4D-Var,

Another set of experiments has been performed 1o swudy impacts of the extra FASTEX data, The enhancement of the
North Atlantic radiosonde network during the period was considerable and probably to the highest level of data coverage
ever for that area. In addition the impact of the dropsondes has been studied separately from that of the land- and ship-
based radiosondes, First, a long period was assimilated with the dropsondes and the impact gauged. Then, five
particularly interesting cases were analysed with targeted dropsondes assimilated over only one or two analysis cycles.
This was in order to # able the local direct impact of targeted dropsondes to be determined,

The interpretation of OSEs is not always straight—forward. The value of an observing system is most ensily shown when
energetic events occur during the test period. and when only one observing system sees the event (Uppala et al. 1985).
Thus an observing system's value is easier to demonstrate by adding it to a minimal base-line system, than by deleting it
from a maximal base-line system, The stand=alone value of new system may be masked if there are overlaps in the
observations. This can happen directly if two systems observe the same variables in the same area, It can also happen
indirectly if a multi-variate data assimilation system uses multi-variate relations from observations of other variables in
the same area, or if a 4D-Var data assimilation uses the time- history of other observations in the same area or upstream
of the area of interest. Equally it is possible that observations critical for one purpose or aren may be redundant for
another purpose or area. For these reasons we have assessed synoptic aspects of the results as well as assessing forecast
scores,

2. Global observing system experiments

Two serics of Observing System Experiments (OSEs) were run for periods in December 1996 and February 1997, OSEs
are designed to study the forecast impact of different observation types and detect any problems with their combination.
The first set used the ECMWF data assimilation and forecasting system with the operational version as of December
1996 (Andersson et al,, 1994, 1996), The period chosen was 19961205 00 UTC until 19961219 12UTC and ten-day
forecasts were run from 12 UTC every day. Thus there were 15 forecasts in this set. Soon after this time a number of
revisions of the 3D-Var analysis were made. A completely new background constraint (1,,) formulation was introduced
operationally on 15 May 1997 (Bouttier et al,,1997), A second set of experiments, with the same configurations of
observing systems, was run using the data assimilation system as it became operational in May 1997, This second period
was from 19970201 00 UTC until 19970214 12 UTC with ten-day forecasts from 12 UTC every day. Combining these
14 new forecasts with the first set of 15 showed very similar nverage forecast impact of the different observing compared
with the first period on its own, Therefore both periods have been combined into one 29-case sample of ten-day forecasts
in order to enhance the significance of score averages and distributions.

2.1 Satellite based systems
The firat configurations of the OSEs to be described here involve the satellite based systems,
2.1.1 TOVS and SATOB data

The control assimilation used both SATEM retrieved thicknesses in the stratosphere. TOVS radiances in the troposphere
and SATOB ¢loud and water vapour winds in addition to conventional in-situ observations and scatterometer data from
ERS-2. Three experiments were then run where a) both TOVS and SATOBs were removed b) TOVS removed and ¢)
SATORBs removed. This allows us to see the impact of TOVS on their own, TOVS without SATOBs. SATOBs on their
own, SATOBs without TOVS and TOVS and SATOBs together, Fig. | shows geopotential anomaly correlations at 500
hPa for the two hemispheres in the extratropics, The scores are averaged over all the 29 c¢ases. In the Northern
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Hemisphere there is a clear (but small) degradation without any of the TOVS or SATOBs data. This is an important
finding, as there is often the suggestion that it is not possible to show the impact of the satellite data in the Northern
Hemisphere. The SATOBs have a positive impact in the Northern Hemisphere. This impact must come mostly from the
tropics, where there are plenty of SATOBs in addition to conventional data and scatterometer data from ERS-2.
Withdrawing the TOVS additionally gives a slight further deterioration. Just running without the TOVS shows almost
aeutral impact in the Northern Hemisphere. The fact that withdrawing TOVS when SATOBs are not used shows a

degradation indicates that TOVS only has.a positive impact in the Northern Hemisphere in the absence of SATOBs. '

The impact of the TOVS is striking in the Southerr.” Jemisphere; its main impact being up to 1 1/2 days in the medium
range. With TOVS used there is little impact of the SATOBs and without them the SATOBs do have a small but
noticeable effect in terms of forecast score improvement.

The effect on the scores of withhoiding both satellite systems is significant in both hemispheres, as shown in Fig. 2 for
500 hPa heights. In the Northern Hemisphere the differences in forecast scores are small, but the distribution is well
clustered on the lower score side for the NOSAT configuration. Two forecasts are better from the NOSAT assimilation;
all the rest are either better or very close to neutral. In the Southern Hemisphere ther= are no better forecasts without
satellites. i

The tropics have been verified in terms of RMS errors of wind vectors at 850 and 200 hPa. The satellite systems show a
very large impact on the tropical scores (Fig. 3). (In the beginning of the forecasts the discrepancies are however
exaggerated by the fact that the operational analysis, which used all the data, was used for verification). Nevertheless, in
the medium range, withholding of TOVS shows a considerable degradation compared with the control. Additionally
removing the SATOBs shows an ever larger degradation. When TOVS are used the withdrawal of SATOBs has a small
negative impact in the medium range. In the shorter range SATOBs have a similar impact to TOVS. Without SATOBsS,
the removal of TOVS shows a large degradation, especially at 200 hPa.
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Figure 2. Scatter diagrams of anomaly correlations between forecasts without satellite data (TOVS and SATOBs) and
control at 500 hPa and 72 hours forecast range for the Northern and Southern Hemispheres.

Technicai Memorandum No.244 5




Observing System Experiments with the 3D-Var Assimilation System

Forecast Day

——CONTROL
P s VROTOR WiHS ---- NO SAT
g oy BN 2
DATE =081 880, DATEZ=U81204,, DATE =S 1300, DATEA=081206/ A bt NQ TQVS
m/s ' '
134
12+
G
10
9
a-
».|
6-
5-
*o 1 2 3 4 5 [ 7 8 9 10

SAIHOE B8 why - e T ad |8 A R e OO S - u_
FORECAST VERIFICATION CONTROL
B50 hPa VECTOR WIND -=== NO SAT
B v T s NO BATOB
l.'m'l'h-.:::\:._ h-'ru.mn;_ DATEI=881208, .. DATHA=08 1306, === NO TOVS
ws °© .
5.5
5 -
4.5
i ’.
3.5
3 B
2.5
2 v r
0 1 2 3 4 5 6 7 a8 9 10
Forecast Day c::

Figure 3. Mean 200 and £2. 73 wind forecast RMS errors in the tropical bait 20° N 1o 20° 5.

Technical Memorandum No.244



Observing System Experiments with the 3D-Var Assimilation System

0

2.1.2 Scatterometer data

In order to study the impact of ERS-1 scatterometer data in 3D-Var-and 4D-Var a set of assimilations was performed for
the last two weeks of January 1996. Reference runs were done with IFS CY 15R7 (“old J,”) using four updates for the
4D-Var assimilation. The comparison assimilations were performed using similar configurations except for using
scatterometer data.

The results shows that scatterometer data improve the scores for the Northern Hemisphere in both 3D-Var and 4D-Var
but that it is most pronounced in 4D-Var. The improv? .aents are largest near the surface but extend throughout the
troposphere in 4D-Var. The positive impact in'4D-Var comes from better assimilation of some low pressure systems in
the North Pacific. The analysis improvements are maintained by the forecast model leading to better medium-range
forecasts for the test period investigated.

For the Southern Hemisphere the use of scatterometer data has a neutral impact on the scores both in 3D-Var and 4D-Var.
We believe this is due to less intense weather systems during the Southern Hemisphere summer period.

In addition to the previous studies, the tandem operations of the ERS-1 and ERS-2 scatterometers in April-May 1996
were taken as an opportunity to investigate the impact of the increased data coverage provided by using them together.
For that, four parallel assimilation experiments were performed in 3D-Var over the first week of April, using either no
scatterometer data (NOSCAT), ERS-1 or ERS-2 data only (ERS1, ERS2), and both ERS-1 and ERS-2 data (ERS1+2).
The same version of the ECMWF model as above was used in all cases (CY15R7).

The study was first focused on the impact on the surface wind analysis, comparing the departures between first guess and
observations for each experiment. Table | shows the average results obtained taking the observations from both
scatterometers as a common reference. The vector RMS difference between first guess and observations is reduced
respectively by 10 cm/s and 8 cm/s -using the ERS-1 and ERS-2 instruments separately, and by 15 cm/s using them
together. ' '

~§
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Experiment vector RMS difference
(m/s) wrt NCSCAT
NOSCAT 3.40 /
ERS1 3.30 -0.10
ERS2 ' 3.32 -0.08
ERS1+2 3.25 -0.15

Table 1. RMS departures between first guess and scatterometer observations obtained using
no scatterometer data (NOSCAT), ERS-1 or ERS-2 data only (ERS1, ERS2) and both ERS-1
and ERS-2 data.

These average results were then studied further by limiting the comparisons with the NOSCAT experiment to the cases
with most significant impact, through the application of a minimum “impact threshold” on the vector difference between
the ERS1, ERS2 or ERS1+2 first guess and the NOSCAT first guess at each scatterometer observation. Figure 5 shows
the vector RMS first guess minus observation differences thus obtained for the ERS1 and NOSCAT experiments as a
function of the “impact thereshold” in the assimilation using ERS-1 data. Very similar RMS reductions were observed
for comparable impact thresholds when evaluating the ERS2 and ERS1+2 cases in the same way. The only significant
difference was in the number of data exceeding a given impact threshold, which in the tandem assimilation case was
roughly the sum of its values in both single assimilation cases. A good complementarity was thus demonstrated between
both scatterometers, their separate benefits being juxtaposed without particular overlap when using them together. This
was not obvious, since a redundancy could on the contrary be expected due to the fact that the ground tracks of ERS-1
and ERS-2 were following each other with a 24-h delay during their tandem operations. :

A similar complementarity was found again when extending the study to the ten-day forecasts. Here the separate
improvements obtained in each single assimilation case tended to be systematically added in terms of anomaly
correlation scores in the tandem configuration in most of the verification areas. The results were however more clearly
positive in the Northern Hemisphere, where a kind of synergy could even be noticed on average, the ERS1+2 experiment
exhibiting a gain of 6 hours in the reliability of the forecast around day 7, whereas both ERS1 and ERS?2 on their own
“have a nearly neutral overall impact (Fig. 6).
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2.2 In-situ observing systems

The second group of experiments involve the impacts of some of the in-situ observing svstems. One pair of assimilatrons
was done without TEMP/PILOTs to show the impact of the upper air network globaily. The other assirnilations were
done without AIREP dara {(ail kinds of aircraft observations) and can be compared with the same control as above, which
used all the observations.

The impact of the radiosondes and PILOTs is very large in the Northern Hemisphere (Fig. 7a). In the Sou'tht‘m
Hemisphere the scarcity of these data compared with the s llite data shows very small impact of the radiosondes in th ¢
medium range (Fig. 7b). The radiosondes do however show a slight positive impact in the day 1 -3 range of the Southern
Hemisphere forecasts. After day 6 there is even some degradation when radiosondes have been used, Lbut it is at a range
when the Southern Hemisphere forecasts are of low quality anyway and when a large sample of forecasts may be needed
for reliable results. It may however indicate that some large scale information is not used correctly from the sparse
network of radiosondes in the Southern Hemisphere and there may be a problem in the data assimilation system itself as
well as with the quality of the observations. '

Aircraft observations show a clear positive impact on the Northern Hemisphere: forecasts. Their positive impacg is
somewhat larger at 200 hPa, but still much less then the radiosonde impact. For the: different areas, the North Pacific
shows the largest sensitivity to radiosondes (Fig. 8a). All the other areas in the INorthern Hemisphere also show a
significant and large positive impact of radiosondes in the medium range. The aircraft data show particularly large
positive impact over North America (Fig. 8b), but still less than the radiosondes do. Ower the North Atlan tic and Europe
(Fig. 9a and b) their impact is also positive but is, especially over Europe, small compzired with the radioso,nde impact.

Tropical wind scores are mainly affected by the radiosondes, where they have a large piositive impact. Aircrafy* data §how
a much smaller positive impact in this area (Fig. 10), probably due to-a the relatively low number of data in the tropics.
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Figura 9. Mean 500 hPa geopotential larecast anomaly eorrelations for North Atlantic (top) and Europa (bettom),

14

FORECAST VERIFICATION

500 hPa GEOPOTENTIAL CONTROL
ANOMALY CORRELATION FORECAST ====NO AIREP
AMEASH.ATL TIME=12 MEAM OVER 20 CASES
DATE?«061206/,., DATEZ=061205/,,, DATEI=061208/,,, v NO RAOB
100
Ul T T
eof 0™
Mu
N'
£
'ﬁ"s
§0 s ——— ———— ————————————— ..'.‘.\.{:...h:.:; DR LR AN
B
50+ Y
40-
My & % & 1§ 8§ § % "5 @
Forecast Day
"."'".'t‘.'.-;""‘" llllllll-ll--l--l“"_l S = — el e i Wyl e —_— — - - - :
FORECAST VERIFICATION S ¥
500 hPa GEOPOTENTIAL CONTROL
ANOMALY COMAELATION FORECABT ====NO AIREP
AREASEUROPE TIME=12 MEAN OVEM 20 CASES
DATH1<081208/... DATE2-081208/,.. DATESOGIZO8,.. 7" NO RAOB
1005 -
% | e
80
80
704 |
", |
&0 o
50~
40-
30 ’
D 1 2 3 4 5 6 |
Forecast Day =i

SSTE iy T e B 08 BT S BT

Technicai Memorandum No.244



Observing System Experiments with the 3D-Var Assimilation System

0

FORECAST VERIFICATION

i 200 hPa GEOPOTENTIAL CONTROL
5 RCOT MEAN SGUARE ERROR FORECAST ----NO AIREP
AREA=TROPICS TIME=12 MEAN OVER 29 CASES
DATE1=961205/... DATE2=961205/... DATE3=961205/.. ~~""™" NC RACB
40
M
35
30+
254 .
20
15
104
5 1 1 1 b i 1 i I )\
0 1 2 3 4 5 6 7 8 9 10
Forecast Day
MAGICS §.3 sty - du Tho 2 IQ&QVWVMW - c
FORECAST VERIFICATION :
850 hPa GEOPOTENTIAL CONTROL
ROOT MEAN SQUARE ERROR FORECAST -===NO AIREP
AREA=TROPICS TIME=12 MEAN OVER 29 CASES :
DATE1=961205/... DATE2=961205/... DATE3=961205/.. —NO RAOB
18
M
16
14+
12+
10+
8 ~4
s -4
4 T T T 1 T T T " T
0 1 2 3 - 4 5 '8 7 8 9 10

Forecast Day

MAGICS 5 3 31vE - g T ol 3 15262 1997 Veery SCOCOM [=3

Figure 10. Mean 200 and 850 hPa wind RMS forecast errors in the tropics.
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2.3 Synoptic impacts

Impacts from not using radiosondes are very large in the Northern Hemisphere, as seen from the forecast scores. The
largest impacts are over the Pacific and large degradations from not using the radiosondes are very evident in almost all
synoptic cases. There are very large position errors of major cyclones, troughs and ridges with large phase errors
(sometimes completely out of phase) and minor lows which are completely missing or spurious.

Over the North Atlantic and Europe the results of withholding radiosondes are less dramatic but still clearly visible in
most synoplic cases. It is more a question of different strengths of the cyclones and errors in tlLir structure and phase
errors in troughs and ridges rather than complete misrepresentations, Tmpacts of not using satellite data are smaller but
still important. Such a case is shown in Fig. 11 for four-day forecasts from 19970210 12 UTC, The verifying mean sea
level pressure analysis can be compared with the forecast not using radiosondes in the assimilation (NORAOR, b), the
control forecast from assimilation with all data (c) and the forecast from the no satellite assimilation (NOSAT, d). Large
errors in the position and depth of the cyclone east of Newfoundland can be seen in both the NORAOB and NOSAT
forecasts. The NOSAT forecast develops the cyclone much too weakly and has a large south-westerly position error. Also
the NORAOB forecast has a westerly position error whereas the control managed to capture both the depth and position
of this system better,

Another region in which the NORAORB experiment is further degraded compared with the others is in the complex low
pressure system extending from the mid-Atlantic through Scotland to east of the Baltic. The structure of this system is
very different from the control or NOSAT experiments. It has a much deeper central part over southern Norway with a
strong pressure gradient east of Ieeland. The Icelandic part of the low is almost lost. The flow over Scandinavia is very
much in error,

The low south of Ireland has only a small position error in the control. The NORAOB forecast has a large south-westerly
position error whereas the NOSAT experiment has failed to develop the system, just showing a trough in the area,
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3. Fastex experiments

During the FASTEX experiment the upper air network was considerably enhanced around and over the North Atlantic,
29 normal land stations plus 3 ASAPs in the area increased their launch frequency from twice a day to four times per day.
Additionally there were 4 extra FASTEX ASAPs launched four times per day. Thus there was a very good coverage at 06
and 18 UTC during FASTEX in the North Atlantic area. In addition, on a large number of occasions dropsondes were
launched from special flights mainly in targeted areas. Hence the combined observation coverage in the area was greatly
enriched.
L3

This period gives us a unique opportunity to test the impact of such an enhanced observing system. In fact two
experiments have been done. The first measured the impact of the enhanced radiosonde network (but without
dropsondes) compared with a reduced, normal network. The second experiment tested the impact of the dropsondes by
using them in addition to the enhanced radiosonde network, Furthermore, five individual cases have also been reanalysed
using targeted dropsondes for only one or two analysis cycles each.

3.1 Enhanced radiosonde network

The radiosonde network enhancement experiment was run from 1997-01-27 00 UTC unul 1997-02-22 12 UTC. In
practice the operational data assimilation used the enhanced network (without dropsondes) and the experimental
assimilation blacklisted (withheld) all the extra radiosonde stations and ASAP ships at the relevant times of the day,
when they were supplemental to the normal network. A complete list of the stations that were withheld can be found in
Appendix 1. For stations that reported more frequently than every 6 hours, only the closest one to the analysis ime was
used.

The assimilations have been monitored in terms of observation minus background departures, numbers of used
observations, analysis differences and forecast differences. The operational assimilation used more TEMP data than the
reduced (= normal) network assimilation did. The observation fits were however almost identical in the two
assimilations, Analysis differences between the two assimilations were of course introduced at 06 and 18 UTC near the
positions of the extra observations. These differences were then propagated in the short range forecasts, but 6 hours later,
at 00 or 12 UTC, when the two assimilations used the same network except for the extra 4 ASAPs, the analysis
differences were normally small due to the similarity of the networks. There were however a few occasions when
analysis differences could propagate beyond this point and could be traced a bit further in time.

Ten-day forecasts were run from 12 UTC for each day of the experiment. Forecast verification scores were computed and
compared with the ECMWF operational ones. Fig. 12a shows that the impact on the Northern Hemisphere average
scores is very slight but there is a small improvement over Europe in the scores until forecast day 5 (Fig. 12b). Figure 13
contains scatter plots of the individual scores and shows that at the five-day range there is small positive impact of the
enhanced network. There is a fair deal of scatter, so the significance of the improvent is probably small. Similar avernge
positive improvements in forecast scores are however seen for all verification regions in the Northern Hemisphere,
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Figure 12. Mean of 1000 hPa geopotential forecast anomaly correlations in the Northern Hemisphere and Europe.
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Figure 13. Scatter plots of day 3 and 5 1000 hPa forecast anomaly correlations over Europe.

The differences in forecast scores are fairly small and this is at levels where both forecast sets are very good. Individual
forecasts have been scanned for interesting synoptic impacts. Most of the time the synoptic improvements are small in
terms of the flow pattern, but o few of the cases show significant improvements. One particular case can be seen in Fig.
14,

The day 4 forecast using the enhanced network from 19970204 (upper left) shows a much better developed 500 hPa low
east of Ieeland compared with the reduced network (upper right) and this verifies rather well (lower right), The difference
of absolute error between the enhanced and reduced network forecasts is shown in the bottom left figure. These forecast
error differences can be traced back towards west Greenland in the 24 hour forecast from 1997-02-03 and in the analysis
somewhere over southern Greenland on 1997-02-03 06 UTC,
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Figura 15, Diference of AMS arrors in foracasts with enhanced network comparad with reducad. Negative areas dottad
with dashed isolines +- 20, 40, 100, 200, 400, 800, 1200, 1600, 2000, 2400, 3200 and 4800 J/kg (geopotantial units).

The differences in RMS errors of the two forecast sets has been computed for 500 hPa geopotential and are shown in Fig,
15 tor day 3 forecasts. [t shows that the reduced errors with the enhanced network are mainly over the northern part of the
North Atlantic, Greenland, northern Scandinavia and Russia. Presumably the fact that the flow pattern and dominating
activity was at these higher latitudes in the beginning of the period had an influence on these results. Further south in the

Atlantic and over central Pacific there are also areas with worse scores. This must be due to random sampling effects in
the system,
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0

3.2 Dropsonde impact

A second experiment was then run in order to test the impact of the dropsondes in addition to the already enhanced
FASTEX network. This was done by running an assimilation with dropsondes activated and comparing it with ECMWF
operations. The dropsondes which were used in these experiments were the ones received in real time at ECMWF from
the GTS. We are aware of some more observations that were taken but not inserted onto the GTS and consequently not
used in this study.

The dropsondes monitored at ECMWF seemed to have unreliable geopotential data. Most of the?. displayed large biases
against ECMWF background fields. Presumably the reference/sea level pressure is not well known in the case of
dropsondes. Because of the unsatisfacory results of the monitoring they were not used operationally at ECMWE. So far
only the geopotential has been used operationally at ECMWF as the mass information from radiosondes. In order to
extract useful mass information from the dropsondes, in this experiment the observed temperature data instead of
geopotential data were used from the dropsondes only (geopotentials were still used from all other radiosondes). The use
of the temperatures works well in the analysis in terms of drawing to the data and producing mass and wind increments
around the dropsondes. This configuration has however not been tested before, so the tuning of observation errors,
quality control and horizontal thinning of observations may not be optimal. Another feature of the ECMWF 3D-Var
analysis system is that the background departures for observations not on the exact analysis time are still computed using
the background forecast valid at the analysis time. '

The assimilation of these data, in addition to the other FASTEX data used in operations, was run for the same period as
the reduced network experiment discussed earlier (19970127 until 19970222). Analysis impacts of these data are in -
general not as large as in the previous network experiment since the number of times with extra data is lower. The
observations were taken at what are supposedly more optimal positions and might have larger impacts on the ensuing
forecasts. )

The forecast scores from the dropsonde experiment show very little average impact over the Northern Hemisphere as a
whole. Over Europe and North Atlantic there is a slight positive impact (Figs. 16 and 17). The scatter plots of the scores
(Fig. 17) show that almost all the three-day forecasts were neutral or slightly improved over Europe and the North
Atlantic. Over other areas the scores show less systematic impact and average out to be neutral.
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Figure 17. Scatter plots of day 3 1000 hPa geopotential forecast anomaly correlations over Europe and North Atlantic.

Most forecasts showed only small synoptic differences. One case for which there was a noticeable synoptic improvement
is shown in Fig. 18. The dropsonde two-day 500 hPa forecast from 19970204 12 UTC shows an improved definition of
the low southwest of Iceland (upper left, when you have turned the page) compared with operations {(upper right). The
verifying analysis is at he bottom right. Absolute forecast error differences at the bottom left. Negative isolines show
where the dropsonde experiment has lower forecast errors. Also the through at 25° W is in a more advanced (easterly)
position, in better agreement with the verification. Another interesting aspect is the cut off, or Genoa cyclone, north of
Sicily, which is better defined in the experiment.

Figures 19a and b show difference of RMS 500 hPa two-day forecast errors for the first 13 days and all the 27 days.
respectively. The experiment has lower RMS errors over most of the North Atlantic and Europe with particular
lmprovements in two stripes over the North Atlantic and over central Europe. Intermingled areas of larger errors are also
apparent, but at lower magnitude. Figure 19a shows a reduction of up to 7 m in RMS height error over the Atlantic west
of the British Isles. For the whole period the mean improvement is reduced to areas of about 3 m. Later on in the forecast
range the signals become more mixed and difficult to interpret.

A problem with this type of impact studies with localised observing systems is that the effects of the extra dara are mixed
with many very non-linear effects in the data assimilation system. which introduce quite large random noise in the
forecast results. A more direct way of measuring the impact of the dropsondes is to perform single analyses and have an
almost exclusively local analysis impact of the data. Another reason for doing single analyses was to include only
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dropsondes which were in the area of sizeable amplitude of the ECMWF singular vectors. These observations could then
be regarded as the targeted ones based on the singular vectors. (For a discussion of this, see Palmer et al., 1997.) This
approach emerged as a result of discussions with A. Thorpe and A. Montani of Reading University, who have been
following this experimentation. Five cases of such targeted dropsondes (one or sometimes two 6 hour periods analysed)
were selected by A. Montani (pers. communication), see Table 2. They were then analysed or assimilated without the
enhanced radiosonde network. Forecasts were run out 1o 3 days and compared with forecasts from the assimilation
without the enhanced network and without dropsondes. Most of the cases had improved forecast scores over the North
Atlantic and Europe at day 2 and 3 (see Fig. 20). Synoptically the improvements were mainly in terms of slightly better
positioning of systems but in areas where the errors w.* ¢ already large. The most striking improvement is the forecast
from 19970217 18 UTC for 19970219 12 UTC. With the dropsondes the deep low north-west of Scotland (Fig. 21) has
been deepened to 961 hPa compared with 968 without dropsondes. The position is also closer 1o the analysis and the
ECMWF operationally analysed depth is 961 hPa: the before mentioned dropsonde assimilation (aodj) 957 hPa and
manual Deutscher Wetterdienst (DWD) analysis about 954 hPa (Europiisher Wetterbericht).

Experiment Date and time
Cppdizpes | 19or21800UTC
appp/zppp 19970217 18 UTC
apq3/zpg3 19970208 12-18 UTC
apge/zpqe 19970204 12-18 UTC
apqz/zpqz 19970201 12-18 UTC

Table 2. Experiment names and analysis times/periods for tha 5 targetad dropsonde analyses.
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Figure 18. 500 hPa day geopotential forecast from dropsonde experiment
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Figure 19. Diference batween 500 2 day height forecast RMS arrors with dropsondes and without, Isolines as in Fig. 15,
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Figure 20. Scatter plot of 1000 and 500 hPa height RMS forecast errors at 48, 60 and 72 hours forecast range from
targeted dropsonde analyses and control without dropsondes.

4. Conclusions

In general the results of the observing system experiments are quite encouraging since they show that the current
operational ECMWF data assimilation system is able to gain benefits from both conventional and satellite based systems.
Global observing system experiments show a very large impact from radiosondes and PILOTs in the Northern
Hemisphere and the tropics. The aircraft data also have quite a large positive impact, particularly over the North Pacific’
and North America. The TOVS data have very large impact over the Southern Hemisphere and in the tropics. This
observing system seems to have at least as large impact as SATOBs in the tropics. The SATOBs show also a small but
significant positive impact in both hemispheres. In the Northern Hemisphere the major impact from the satellite based
systems comes from the SATOBs.

The forecast impact of the enhanced FASTEX radiosonde network is at most marginally positive. Over Europe and the
North Atlantic there is a slightly clearer positive impact from using dropsondes in addition to the FASTEX radiosondes.
[t is easier to demonstrate positive impact of the dropsondes in single (or two consecuetive) analyses for interesting cases
when dropsondes are available in targeted areas. These analyses showed a significant improvement of the two- and three-
day forecasts for the North Atlantic and Europe.
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There is a small but measurable average positive impact in the early medium range forecasts from the FASTEX
observing system enhancements. Only occasionally is it possible to find significant synoptic improverments. It should be
pointed out that the enhancements of the observing systems were an area which is the most well observed of any of the
ocean areas in the world. It is probably more cost effective to improve the observing network in other less well observed
areas of the globe in order to get larger medium range forecast impacts.

A significant reduction of the radiosonde network in the Northern Hemisphere or the tropics would have a profound
impact on forecast quality. At least with today’s data assimilation systems the loss of radiosondes cannot be. compensated
by aircraft data (with current coverays and instruments) although they would become increasingly i important. TOVS data
still seem to show very small average benefits for the Northern Hemisphere forecasts, but again they might play a bigger
role in a reduced radiosonde configuration.
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Appendix 1
if (OBSTYP = temp) then
if (( 030100 <= TIME <= 050000 )
or ( 150100 <= TIME <= 210000 ) )
and STATID in (*03354", “04220", *04270", ‘04339',_‘04366',
*06011<, 071107, =07145<, *07510", “D4018*,
“03953~%, “QBS508%, “08522*, “0pBOO1l~, “01005",
*03026~, *03496-, “03502", “03808", “03240",
“03920%, %71801%, %71816*, *71806", "71600%,
*78016%, *724027, *72208%, “74494%, “FNOR",
“FNOU*, “FNPH*, “FNRS”, "“OXVH2", “OXYH2",
YW2IEZ*®, R“KCEJ®, “"FIZVN®, “EQGW®", *TFTA®,
*Wa2Lv*, “VZLX", “DBBH”, “V2GH", “EHOA")
then fail (CONSTANT); endif;
if ({ 090100 == TIME <= 150000 )
or ( TIME == 210100 or TIME <= 030000 ) )
and STATID in ( "KCEJ", “FZVN", “EOGW", “TFTA")

then fail (CONSTANT); endif;
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ANNEX F

. ECMWF summary report for the ERS-2 Radar Altimeter commissioning phase.
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ECMWF Wind and Wave Calibration - Method

Bjorn Hansen - European Centre for Medium Range Weather Forecasts.

The European Centre for Medium Range Weather Forecasts (ECMWF) contributed to
the calibration of the wind and wave measurements of the ERS-2 radar altimeter by uti-
lizing operational global wind and wave analyses as a transfer standard between ERS-1
and ERS-2 so as to provide relative calibration coefficients and error estimates, based
on wind and wave measurements of the radar altimeter onboard ERS-1.

Preprocessing of the satellite data
The calibration work at ECMWF was based on the ESA URA fast delivery products
which are disseminated over the global telecommunication system (GTS) within three
hours of observation time. This means that for ERS-2 only those observations received
at the Kiruna ground station could be used. This is on average 75% of the number of
ERS-1 observations, which were also available in near real time from the ground sta-
tions at Maspalomas and Gatineau. All incoming data are thoroughly checked to iden-
tify and eliminate unrealistic data. The wind speed measurements were not checked
and were accepted whenever the corresponding wave height was accepted. The quality
control is similar to that used for SEASAT by Bauer et.al. (1992) and yields a URA
data set extended by a flag as follows:
1) flag as unreliable all observations which:
a) cannot be co-located with wave data provided by
ECMWE,
b) are below 0.1m significant wave height,
c¢) are above 20.0m significant wave height.
2) flag as unreliable outliers within a sequence of continuous observations. A sequence
is defined by 20 to 30 consecutive observations where the time difference between
each observation is less than 3 seconds. Observations are classified as outliers if:

H,-H|23xSTD and |H, -H|>1m.

H ;) is also classified as an outlier if |H 5~ H Szl >2m and

H_ is classified as an outlier if IHS . -H, l >2m,

where H_ is the i-th significant wave height observation within a sequence with

H

i=1ton, 17; is the mean significant wave height of a sequence and STD is the

standard deviation of the sequence.

3) flag as unreliable all remaining observations of the whole sequence if there are less
than 20 observations left after step 2 (short sequence).

4) flag all the observations within a sequence as unreliable if the standard deviation

within the sequence exceeds 0.1 X 1_1: with a lower limit of the threshold of 0.5m.

All remaining observations are flagged as reliable.

Consequently, the quality control yields a reduced data set which is used in the compar-




ison with model data. This data set contains the mean values of the time, location, sig-
nificant wave height and of the wind speed for each accepted sequence. These will be
referred to as super-observations.

Operational model fields used

The wind and wave background fields used in this study are produced by the ECMWF
Integrated Forecasting System (IFS) (ECMWF, 1994) and by the third generation wave
model WAM cycle 4 (Komen et.al.,]994) respectively. Wave and wind information are
available on a global scale with a resolution of 1.5° * 1.5° (Figure 1). A typical setup
for these models is to perform a 6 hour forecast from 1200UTC to 1800UTC followed
by a data assimilation step to correct the forecast at 1800UTC (also called first guess)
by using all meteorological information available at that time to produce the analysed
fields. This procedure is repeated four times to cover one full day. The result serves
firstly as a base for the ten day forecast performed every day and secondly, as the start-
ing conditions for the next days assimilation cycle. Since the ERS-1 RA wave heights
are assimilated into the wave model, the first guess wave fields have been used in this
study as they are independent of the newest ERS-2 data (Guillaume and Hansen,
1993). However, in the wind speed comparison analysed winds are taken. ERS-1 RA
data are not used in the assimilation step of the atmospheric model.
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FIGURE 1. Distribution of sea points of the wave model (1.5° * 1.5° grid resolution)

Collocation

For the subsequent comparison of satellite data with model results the collocated
model values had to be extracted from the global model data fields. This was achieved
by bi-linear interpolation in space and by linear interpolation in time. Satellite data
were used only if all four surrounding grid points of the wave model were sea points.

Evaluation of satellite and model data

The first step towards calibration and validation of the ERS-2 radar altimeter wind and
wave data was to make simple statistical analyses of the incoming satellite data and the
model data.



The data reception rate was monitored by plotting the number of all incoming observa-
tions, the number of all observations which were left after step 1a) of the quality con-
trol, the number of all observations which passed the quality control and finally the
number of super-observations as a function of time with a bin width of 6 hours.

On a daily, weekly and monthly basis distributions were plotted for the backscatter
coefficient with a bin width of 0.1 dB, for the wind speeds with a bin width of 0.1mv/s
and for wave heights with a bin width of 0.1m, normalized by the bin width, together
with their mean value, the average deviation, the standard deviation, the variance, the
skewness and the kurtosis.

Scatter diagrams of satellite data as a function of model data were plotted together with
the mean values of both data sets, the bias defined as satellite mean value minus model
mean value, the standard deviation of the differences, the scatter index, the correlation
coefficient, the slope of the symmetric regression line, the regression coefficient and
the regression constant of the least squares fit regression line. Additionally the standard
error for the slope of the symmetric regression line, for the regression coefficient and
the regression constant are also given. For the scatter diagrams the collocated data val-
ues are collected into bins of width 0.5m/s for winds and 0.25m for waves. The number
of entries for each bin is plotted using an appropriate colour code. Additionally the
mean of the satellite measurements as a function of model value and vice versa is
given. Time series of main statistical values such as satellite mean, bias and standard
deviation of the differences are plotted to provide an overview of the evolution of these
parameters within the commissioning phase. Finally by eliminating the models in the
regression functions the relation between ERS-2 and ERS-1 measurements is given.
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ECMWF Wind and Wave Calibration - Wind Speed Analysis

Bjorn Hansen - European Centre for Medium Range Weather Forecasts.

Within the cal/val period (29th April 1995 to 27th August 1995) ECMWF produced
weekly reports for the ERS-2 radar altimeter and microwave radiometer commission-
ing working group. This report summarizes the results found within the cal/val period,
provides final numbers based on data from September 1995 and gives an overview of
the data quality between September 1995 and February 1996.

Data reception

On average 45776 ERS-2 and 65375 ERS-1 wind and wave observations passed the
quality control per day at ECMWF at the end of the cal/val period. The larger number
for ERS-1 is due to the fact that ESA decided to only distribute ERS-2 data from the
Kiruna ground station. Figures 1 and 2 show the 6 hourly data reception rate for Sep-
tember 1995 for ERS-1 and ERS-2. After along track averaging the number of observa-
tions used in the comparison with the model results is reduced to around 1300 for
ERS-1 and to 820 for ERS-2 (lower panel in figure 1 and figure 2).
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FIGURE 1. Data reception rate ERS-1 radar altimeter data for September 1995
Top panel: solid line: total number of observations
dotted line: observations associated with a sea point in the wave model
dashed line: passed the quality control,
Lower Panel: solid line; number of super-observations,
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FIGURE 2. Data reception rate ERS-2 radar altimeter data for September 1995.
Top panel: solid line: total number of observations

dotted line: observations associated with a sea point in the wave model
dashed line: passed the quality control.
Lower Panel: solid line: number of super-observations.

Calibration

For May 1995, during the commissioning phase the wind speed measurements of the
ERS-1 radar altimeter correlated to 86% with the model results and were biased low by
0.25mv/s. The slope of the symmetric regression line was 0.98 (figure 3). On contrast,
the ERS-2 radar altimeter winds correlated to only 79% with the model and were
biased very low by 4.8 m/s. Additionally the slope of the symmetric regression line
was only 0.4(figure 4).
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FIGURE 3. Comparison of ECMWF wind speed results with ERS-1 radar altimeter wind
speed data for May 1995, The squares denote the mean values In the x-direction and the
trinngles in the y-direction The standard error is shown in brackets.
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FIGURE 4. Comparison of ECMWF wind speed results with ERS-2 radar altimeter wind
speed data for May 1995, The squares denote the mean values In the x-direction and the
triangles in the y-direction. The standard error is shown in brackets,

To better understand the reason for the bad quality of the ERS-2 winds, histograms of
the underlying backscatter signals (op)were produced, and a shift by 2.06dB between

the two instruments became apparent (figures 5 and 6).
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FIGURE 6. g; - distribution of ERS-2 radar altimeter for May 1995,

Also the shape of the distribution function between the two instruments was different
in the sense that the distribution of ERS-1 winds was double peaked whereas ERS-2
showed only one peak. On May 19th 1995, ESA updated the look up tables (LUT) at
the ground stations to provide winds which should better agree with ERS-1 and the
model. After this an even higher shift of about 2.45dB was found and on average the o
were at about 13.6dB (figures 7 and 8). Consequently the resulting winds were biased
even more negative reaching 5.25m/s (figures 9 and 10).
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FIGURE 9. Comparison of ECMWF wind speed results with ERS-1 radar altimeter wind
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triangles in the y=direction The standard error Is shown in brackets.
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The next change occurred on the 6th July 1995 when again new LUT were introduced.
This removed the shift of 2dB o (figures 11 and 12) and resulted in a significant
reduction of the ERS-2 bias from 5.3nmv/s to 0.75m/s. At the same time the slope of the
symmetric regression changed from 0.33 to 0.92 (figures 13 and 14).
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FIGURE 11. g - distribution of ERS-1 radar altimeter for September 1995
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FIGURE 13. Comparison of ECMWF wind speed results with ERS-1 radar altimeter wind
speed data for September 1995, The squares denote the mean values in the x-direction and the
triangles in the y-direction. The standard error Is shown In brackets
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A summary of the regression analysis since this last change is given in table 1. Pre-
sented are the regression coefficient and the regression constant of the least squares
regression line together with their standard errors. Taking now the model as the transfer
standard one can eliminate the model term from the regression equations for ERS-1
and ERS-2. This gives the following relation between ERS-1 and ERS-2:

Ulgyeg = 0993 Uy =0.48

Additionally the regression coefficients for the symmetric regression line are given in
table 2 and the following relation between ERS-1 and ERS-2 is found:

U“}EF,IE - 0.9563‘: Umcrﬂ

The results from the linear regression assume that the atmospheric model is error free,
which is unrealistic. The results from the symmetric regression allow for error in the
satellite data and the atmospheric model, and so are more realistic,

Table 1: Lenast squares regression parameters (ERS-(1/2) = bl ¥ model + bo ) where

8y, Isthe standard error of . and §, is the standard error of b
b, 1 by 0

Ui bl ('sbl) bO (Sbo) n
ERS-1 = fimodel) | 0.915(0.00265) | 0.339 (0.0221) 35==L734
ERS-2 = flmodel) | 0921 (0.00337) | -0.143 (0.0283) [ 24290
ERS-2 = fERS-1) | 0.993 -0.48




Table 2: Symmetrie regression parameters
(ERS-(]/Z) = b] »* model ) where .S'b1 Is the standard error of bl

Uso b, (sbl) i
ERS-1 = fimodel) | 0.975(0.00265) | 35784
ERS-2 = flmodel) | 0-932(0.00337) | 24290
ERS-2 = fERS-1) | 0.993

For ERS-1 and ERS-2, respectively, figures 15 and 16 give an overview of the changes,
between May 1995 and January 1996, in the following statistical parameters: monthly
mean model wind speed and the corresponding bias and the standard deviation of the
satellite - model differences. It can be seen, that since the end of the 3rd cycle (28th
August 1995) the statistics on the satellite - model differences have been stable.
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FIGURE 15. Development of ERS-1 radar altimeter wind speed mensurements in the ealfval
phase of ERS-2. Global and reglonal comparison with the ECMWF T213 Model. Blas is RA -
model. Mean of the ECMWF T213 Model shown (units: m/s).
dash-dotted line: model menn, dashed line: bias (model minus ERS), solid line:
standard deviation; regional decomposition: full circles: global, open circles: Northern
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10

i i S S

'
"‘-Ihl-n-'-'-'-'-'.‘.ﬂ—ﬂl-.','l-‘m -------- ]
TR TR R R SR A YT & L HF P ———
Ui Wy
b s Y S - -ll—l-\-.-.m_.-‘,p,!#,‘;.-.-q- ......... I EA-r
st
il I_'_...._..u-.-m.._:‘“'”:__upn
8 ;.l.u.}.;.:.:'.hm.q.'.ﬂ.‘.:..:.. ey LT ST e s g YT
AR R AR 4

Tay JUN JOL AUG SEP ocT NOV DEC JAN
1995 1996

FIGURE 16. Development of ERS-2 radar altimeter wind s measurements from May to
December 1995, Global and regional comparison with the ECMWF T213 Model. Blas Is RA -
model, Mean of the ECMWF T213 Model shown (units: m/g).
dash-dotted line: model mean, dashed line: bias (model minus ERS), solid line:
standard deviation; regional decomposition: full circles: global, open circles: Northern
Hemisphere Extratropics, full squares: Tropics, open triangles: Southern Hemisphere
Extratropics,

Conclusions on winds

Initial look up tables produced unsatisfactory winds with biases as large as 4.8m/s
relative to the ECMWF atmospheric model.

The revision of the look up tables on 19 May 1996 produced winds which were even
less satisfactory, with biases as large as 5.3m/s.

The most recent revision of the look up tables, on 6 July 1995, has produced winds
of much improved quality, but the quality is still not satisfactory, as the winds rela-
tive to the atmospheric model are too low by about 0.7m/s.

Since the last change to the look up tables, on 6 July 1995, the statistics on the
ERS-2 minus model wind differences have been quite stable.

If we use the atmospheric model as a transfer standard, and calculate an implied
relationship between ERS-1 and ERS-2 winds we find:

Umfr.rz e 0'956 < Uml.'r.rl :
Further investigation of the bias with ERS-2 wind speeds is needed.



ECMWF Wind and Wave Calibration - Wave Height Analysis.

Bj6érm Hansen - European Centre for Medium Range Weather Forecasts.

Data reception rate
The results on the data reception rate for ERS-2 waves are exactly the same as for
winds, and have been discussed already within the wind speed section.

Calibration

The ERS-2 radar altimeter wave height observations were in good agreement with
ERS-1 and with the wave model results from the time the first data became available
early in May 1995. Since then ERS-2 waves have been biased high by 5 to 8 cm when
compared with model results whereas ERS-1 waves have been biased low by 12 to 16
cm when compared with model results. The slope of the symmetric regression did not
change noticeably within the period and was 0.95 for ERS-1 and 1.02 for ERS-2 (fig-
ures 1 and 2). On the other hand the minimum reported value of 0.63m for significant
wave height of ERS-2 is 0.2m higher than that for ERS-1. Finally the saturation value
is with 20.09m smaller for ERS-2 than for ERS-1 where we find 20.2m significant
wave height as the saturation value (figures 3 and 4).

For September 1995 the results of the 2 parameter regression analysis is summarized in
table 1. Presented are the regression coefficient and the regression constant of the least
squares regression line together with their standard errors. Eliminating the model terms
in the linear regression equations for ERS-1 and ERS-2, we find the following relation
between the satellites:

H = 1.023xH +0.1875
2 Sersl

Sers

Additionally the regression coefficients for the symmetric regression line are given in
table 2 and the following relation between ERS-1 and ERS-2 is found:

H, , = 1.085xH,

Sers sl

As for the winds, the latter relationship is probably more reliable

TABLE 1. Least squares regression parameters (ERS-(1/2) = b1 x model + bo)

where § b is the standard error of b1 and S b is the standard error of b 0
i 0
n
H_ by Gsy) by Gsp,)
ERS-1 = f(m ode l) 0.928 (0.0016) 0.02 (0.0045) 35784
ERS-2 = j(m ode l) 0.949 (0.002) -0.208 (0.0058) 24290
ERS-2 = f(ERS- 1) 1.023 0.1875




TABLE 2. Symmetric regresslon parameters (ERS-( 1/ 2) = b 1 ¥ model ) where § bl is

the standard error of b i

§

H b] (s b, ) n
=ﬂ
ERS-]1 = ﬂm ode !) 0.949 (0.00158) 15784

ERS-2 = flmodel) | 01025 0.0021) 24290

ERS-2 = fERS-1) | 1083
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FIGURE 1. Comparison of ECMWF wave height results with ERS-1 radar altimeter wave
height data for September 1995. The squares denote the mean values in the x-direction and the
triangles in the y-direction.
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The evolution of the statistical parameters mean model wave height, bias and standard
deviation of differences for ERS-1 and ERS-2 in time from May 1995 to January 1996
is shown in figures 5 and 6. Despite the seasonal variation of the mean model wave



height the differences between satellite and model have been stable throughout the
entire period. '

Conclusion on waves

The quality of the ERS-2 wave height observations was reasonably good from the
beginning of the cal/val period.
The ERS-2 wave heights show a small positive bias of 7 to 9 cm when compared
with the WAM model, whereas ERS-1 waves are biased low by up to 0.3 m.

Most likely the ERS-2 waves are closer to the truth than the ERS-1 wave heights
which are known to be too low.

Using the wave model as a transfer standard we can calculate the following implied
relationship between ERS-1 and ERS-2:

H, = 1085xH,

Ser. s1
The difference between ERS-1 and ERS-2 in the highest reported waves (21.2 ver-
sus 20.1, respectively) is probably not important from a geophysical point of view,
but may indicate problems in the processing software implemented at the ground
stations. :
Finally ERS-2 shows an unacceptable cut-off at low waves. Especially for assimila-
tion purposes in closed basins like the Mediterranean Sea or the Baltic Sea where
low wave states are common ERS-2 will not provide sufficient information.
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MEMORANDUM
RESEARCH DEPARTMENT

0

From: J. Bidlet, B. Hansen and P. Janssen
Date: 1 April 1996
To: HR, R D'Division/Section Heads, -
HO, HMD, HMOS '
Copy: D ] | ' Ref.: R57.5.2/PJ/AD/A2
Subject: First results with ERS-2 Altimeter Assimilation
1. Intr o1

2

(W3]

Bv means of test suite facilities developed by G. Konstantinidis, the WAM model was run for the period of
December 1995 using ERS-2 Altimeter wave height data in the wave analysis. Results were compared with the
operational wave suite results which were obtained using ERS-1 data in the assimilation. From this comparison,
details of which are discussed below, it is concluded that ERS-2 data show a favourable impact on analysis and
forecast. It is, therefore, suggested to introduce the assimilation of ERS-2 data in operations as quickly as
possible and to switch off the assimilation of ERS-1 data.

. Qualitv of ERS-2 data

During the past half year we have been involved in validating ERS-2 Altimeter wave heights and winds. Since
ERS-1 and ERS-2 are not measuring waves and wind at the same location at the same time, the model wave
heights were used as a go-between to establish a relation between ERS-1 and ERS-2 wave heights with the result
that

H,,=1085H,,

where the index numbers refer to ERS-1 and ERS-2 respectively. Thus, ERS-2 gives about 8% higher wave
height and since from collocations with buoy observations it is known that ERS-1 gives too low wave height,
this change is in the right direction. Direct comparisons between modelled wave heights and the Altimeter data
st that the scatter-index for ERS-2 wave height is only 17% and nearly identical to the ERS-1 results (an
example of scatier diagrams is given in Figure 1), hence assimilation of ERS-2 data seems to be promising.

Wy
1

December 95 analvsis and forecast results

In order to study the impact of the assimilation of ERS-2 data, we ran the WAM model for the period of
December 1995 and generated both analysis and 10-day forecasts for the globe. Assimilation of ERS-1 data
was switched off. As control we used the corresponding results from the operational suite.  Note that results
cbtained with the ERS-2 assimilation are denoted by experiment 14.

3.1 Quadivy of anaivsis and first ouess

We vernifled the quality of the analysed fields by means of a comparison with buoy data. Scatter diagrams for
test-suite and O-suite are given in Figure 2 and Figure 3, respectivelv.




It is coneluded [rom the comparison of the statistical parameters that the ERS-2 analysis agrees better with the
buoy data than the ERS-1 analysis. For example, the wave height bias decreases by 12 em (from -0.28 to -0, 16
fii), the ms error decreases from 0.56 10 0.52 m. while the svmmetric slope for wave height increases from 0,91
10 0.94. Also, peak periods have increased slightly (bv 0.3 ) in agreement with the small inerease in wave
height in the ERS-2 analysis.

The increuase in mean wave height and period is confirmed by a plot of the difference in monthly mean analysed
wave height and mean period as shown in Figure 4, Note that these difference flelds are remarkably flat.

The verification of first-guess wave height against ERS$-1 data (0-suite) and ERS-2 data (test suite 14) is shown
in Figure 5. [t confirms the small increase in wave height for the test suite onea more. In additon, it suggests
that the wave model forecasting sysiem and ERS-2 data are better balanced bezause of a smaller wave height
bias. Itis remarked that sinee the introduction of the 1.5° version of the WAM model, the comparison of first-
guess wave height against ERS-1 data has always given a higher model wave height, while also the extreme
modelled wave heights were higher, With ERS-2 assimilation this seems (o be less of a problem,

.2 Quuliry of wave foregasis

Lak

The forecast performance (in absolute terms) has not been changed by the assimilation of ERS-2 data. This
follows, for example, from the verifieation of the wave forecasts against buoy data. The bias in wave height
as function of forecast day is shown in Figure 6 for both test-suite and 0-suite, Although the analysis error has
been reduced in the (est-suite from -0.30 to -0.18 m, from Day 3 onwards, the forecast error is very similar in
the two suites, This remark also applies to the errors of different areas which are shown in Figure 6. (The main
reason for this behaviour is that during a forecast the quality of the wave forecast is determined by the quality
of the wind forecast,)

This also follows from the verification of the wave forecast against its own analysis. Verification scores for
Northern and Southern Hemisphere are shown in Figures 7 and 8, respectively, Anomaly correlation and
standard deviation have hardly changed. The only difference between test-suite and O-suite is seen in the
evolution of mean forecast error against forecast day, The test-suite shows reduced mean error, The reason for
this is that the mean analysed wave height has increased by about 10-15 em.

Conclusion

ILis concluded that ERS-2 data assimilation has a favourable impact on the wave height analysis, Furthermore,
because of the small increase in mean wave height by about 10-15 em, analysis and forecast are better balanced.

It s, therefore, suggesied to inuoduce the ERS-2 data assimilation in Operations as quickly as possible, The
ERS-1 saiellite will be switched off in the middle of May 1996 and by a timely change 1o ERS-2 data we are
still able to check the wave analysis against ERS-1 data giving an extra check on the quality of the wave
product,

E
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TABLE 4. Symmetric regression parameters (ERS-(1/2) = bl X model)

where 5y is the standard error of b

1 !
, n
! b, (s, )
H (5
] 949 (0.0015 35784
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FIGURE 18. Comparison of ECMWF wave height results with ERS-1 radar altimeter wave

height data for September 1995. The squares denote the mean values in the x-direction and the

triangles in the y-direction.
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Global validation of ERS Wind and Wave Products £v%

ANNEX H

. Test with proposed «; and K, vatues for the wave height retrieval algorithm in the fast delivery
product generation.
. Comments on the k; and K» discussion within the CWG meting #10, ESRIN, Frascati.
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Tests with the proposed k; and K, values.

Bjorn Hansen - European Centre for Medium Range Weather Forecasts.

This is a brief note summarizing the results of tests with the estimates of the k; and k,
values as proposed by Challenor (1996) and by Francis and O’Leary (1995).

The period chosen for the following comparisons is December 1995. Table 1 presents
the values for k1 and K2 valid for this period together with the proposed corrections.

Table 1: K; and K; values used for the tests.

K1 )
valid for December 1995 (URA FDP) 21856 0.07
SOC (JRD) 30778.7 0149
ESTEC/ECMWEF 19596 0.0655

Based on relation (1) given in Francis and O’Leary (1995) we can theoretically esti-
‘mate the correction applied to a given wave height using (2), where K;pey, and Kpjey, are

K
H, - |9k, M
s

the proposed K1 and K, values tested and Hg is the wave height generated within the
FDP using the applied k; and «;, for the period in question.

H \?

Ky

— @

new w

H = 4.’\1K1"”+

Figure 1 shows the impact the proposed corrections will have on the generated wave
I «ights. It can be seen that when applying Challenors’s values there will be a consider-
able decrease for waves of the range below 2.2 m. For all waves above this level an
increase by 17-20% will be the consequence. The correction proposed by Francis and
O’Leary on the other hand will never cause an increase, but there will be a decrease for
the low waves. This decrease however will be less pronounced as with the correction
proposed by Challenor.

The proposed corrections were subsequently applied to the ERS-2 FDP wave heights
for December 1995 and which were then compared with the wave model results as
describzd in the methods section of the report of the commissioning phase of ERS-2.
Figure 2 shows the results using the original FDP wave heights. As already known
there is a good agreement between mode] and altimeter, but the low waves are not seen




by the altimeter. Figure 3 shows the corresponding picture after applying Challenor’s
K, and K, values and as expected the altimeter represents the low waves much better,
but waves above 2.5 m are now overestimated and for the whole dataset we find a bias
of about 0.32 m.

The corrections proposed by Francis and O'Leary on the other hand cause a negative
bias of 0.13 m and there is no improvement of the low waves as can be seen in figure 4.

These results confirm what is already known from figure 1. and it is also in accordance
with the findings of Queffeullou (1996), who performed a very similar study using
TOPEX/POSEIDON wave observations to compare with corrected ERS-2 wave
heights using Challenor’s k; and K, values.

The correction of the low waves using Challenor’s k; and K, values is surely desirable
while a change of the higher waves in either direction is questionable if not undesirable
as in the case of a decrease when applying Francis and O'Leary’s k; and K; values. It
has to be discussed whether the higher waves should be corrected in the way proposed
by Challenor. One has to note that only 111 collocated wave height pairs were used by
Challenor and only 4 of them exceeded 4m wave height for the buoy observations. So
therefore it is doubtful whether the proposed K, is applicable, taking into account, that

also Queffeullou mentions uncertainty for the high waves.

new SWH I old SWH

i 10 12 14
FDP SWH (m)

FIGURE 1. Ratio of new to old significant wave height.
green: using ESTEC/ECMWF proposals for K; and K.

blue; using SOC(JRD proposals for Ky and K.



On the other hand we know that WAM might underestimate high waves due to the fact
that ERS-1 wave height data are routinely used to correct the initial condition of the
wave field, where ERS-1 is known to underestimate high waves. At this point no
attempt was made to fit k) and K, values using model results directly.
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FIGURE 2. Comparison of ECMWF wave height resulis with ERS-2 radar altimeter wave
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Comments on the K1 and K2 discussion within the commissioning
working group meeting #10, Esrin, Frascati

Jean R. Bidlot, B. Hansen, Peter A. E. M. Janssen.
European Centre for Medium Range Weather Forecasts, Reading, England

This is to let you know that we are not at all satisfied with the recent proposals for
changing the Altimeter wave height algorithm. The reasons for this are described
below, and we will mainly discuss the fast delivery products, although similar remarks
apply to the off-line products.

Challenor recently suggested new estimates of k1 and k2 based on a collocation of
altimeter and buoy wave heights. The number of collocations was about 100-200 and
the wave heights were typically of the order of 2 to 3 metres with a few heights around
4 metres. In this estimate of k1 and k2 it was assumed that the buoy data had no error.
This assumption is, however, not true. These buoys have an instrument error of the
order of 10%, and in addition one should also estimate errors caused by the fact that the
collocation is not done at the same location and the same time. Nevertheless, assuming
for the moment that this is not a problem (but, to be definite, we think it is) Challenor
suggests new values of k1 and k2 which are considerably larger then the ones sug-
gested by the standard theory of a Gaussian random sea surface. We think this is a seri-
ous problem, because, for example, it is well-known that swell (note that in practice
two-thirds of the ocean surface has swell) is a very linear state, of which the probability
distribution is Gaussian. It implies that in cases of swell the Challenor proposal would
give a too high altimeter wave height by about 10% in the wave height range of 2 to 3
metres. This is not acceptable as it will affect wave heights in a large area of the globe.
Incidentally, we recently perfcrmed one month of data assimilation experiments with
ERS-2 altimeter data and when comparing the analysed wave heights with buoy data
near Hawaii (note buoy data are not used in our analysis system; also swell conditions
prevail near Hawaii) hardly no bias in analysed wave height was found. We also did an
analysis run without assimilation of altimeter data. Comparing the verification scores
of the two assimilation experiments revealed that the present ERS-2 altimeter algo-
rithm makes in case of swell an error of about -5 cm, which is of course quite small.

Furthermore, when Challenor compares the new altimeter algorithm with buoy data
including outliers it appears that above 2.5 metres wave height the new algorithm is
overestimating (although the number of collocations is too small to make definite con-
clusions).

Finally. the Challenor proposal is based on a very limited wave height range, while in
practice the wave height range extends to much higher waves. Note that high sea states
are not necessarily strongly nonlinear (for example, it takes more than two days to get
10 m of wave height with a 20 m/s wind, so these states are fairly old and gentle).
Therefore also in this case the probability distribution of the sea surface is fairly Gaus-




sian and the standard altimeter theory applies. It is only for young windseas, which are
strongly nonlinear and which occur for short fetches or near the passage of a front, that
considerable deviations from the Gaussian probability distribution occur and therefore
corrections to the standard altimeter theory should be applied (Remark: for a wind
speed of 20 m/s the strong nonlinear state occurs in the wave height range of two to 4
metres).

However, when the Challenor proposal is applied to cases where wave heights are of
the order of 10 m a considerable increase in wave height is found of almost 2 metres.
We have illustrated this in the Figs. 1 and 2 where for the month of December 1995 the
current ESA ERS-2 algorithm and the Challenor proposal is compared with operational
results from the WAM model first guess forced by ECMWF winds. Now it may be
argued that the WAM model produces too low wave heights for the extreme cases, but
this possibility may be excluded by inspecting Fig.3. In Fig.3 we compare analysed
wave height with wave height observations from 25 selected buoys, evenly distributed
over the Northern Hemisphere, for the period of December 1995 until March 1996. We
have chosen such a long period in order to get a sufficient number of extreme states.
Clearly the comparison with the buoy data shows that there is no need for a correction
at 8 m by about 2 m. In fact a good agreement between model analysis and observa-
tions is found (rms=0.56,scatter index = 16%, the bias of -0.27 m is caused by the
assimilation of ERS-1 altimeter data).

It should be pointed out that we have made sure that the selected buoys produce a
(almost) continuous time series and that we have averaged the buoy data around the
synoptic times within a time window of 6 hours in order to guarantee that we are com-
paring data which have similar spatial and temporal scales. Nevertheless, over a 4
month period over 12,000 collocations occur. A similar quality control is applied to the
comparison of altimeter data with first-guess wave height.

To summarize, it is concluded that it is not a good idea to introduce the Challenor pro-
posal for k1 and k2. First of all there are no scientific reasons why we should deviate so
mich from the standard altimeter algorithm. The seastate has most of the time a Gaus-
siani probability distribution, and only for young seastates (which occur 10% of the
time) deviations from the Gaussian state are to be expected. In order to incorporate
effects of strong nonlinearity an extension of the standard altimeter algorithm is
required. It therefore does not make sense to retune ki and k2. Furthermore, compari-
son between on the one hand WAM model data with the Challenor algorithm and on
the other hand buoy data and the WAM mode] data reveals that the Challenor algorithm
gives serious problems for the extreme states. A similar remark applies to the discus-
sion of the off-line products which suggests changes in the present ERS-2 algorithm of
15%.

It should therefore be clear that we are not at all happy with the proposed changes of
the ERS-2 algorithm. In fact, we are quite content with the present algorithm and we
have switched from ERS-1 to ERS-2 assimilation of wave height data as of Tuesday,
april 30 1996.




ERS-2 WAWEHEIGHTS (M)

]

4 10 i
WAM WAVEHEIGHTS (M)

(FREE L] L]

& S T

LIRS L

(LI il )

ol o e

SIALSLES

I HTRIES
MIEAR WAM

MICAW ERS. 2

BIAS (ERS-2 - WAM)
STANDARD DEVIATILDN
SCATTTR INDEX
ORI ANDN
BYMMFTRIC SLOPF
REGR. COCTTIZIENT
RIGR, CONSTAN]

2N

2810
7.01m
o,0168
04180
o, 1671
0,03
1,000, M)
0.9790(0, 00177)
.01 (0. 00)

FIGURE 1. Comparison of ECMWF wave height results with ERS-2 radar altimeter wave

height datn for December 1995, No correction applied to the FDP data.

]

i

7]

g

] 1 1
WAM WAVEHEIGHTS (M)

iR i i

il R

PR R

e L B

B . W

HER 34 g

SIALGLCS

[HIRIES

MEAR WA

MEAN ERG- 2

MAS (TS 2 wAM)
STAMDARD 1FAATION
SCATITA NG
CORTELATION

SvMMI IR S ONT
REGR, COUTTICIEWT
G, CONSIAN]

FHER

bt £
2.z
.47
0.51%
0.HM
.a3W
1 A0, 07
1o o)
O.iiA(0 .00

FIGURE 2. Comparison of ECMWF wave height results with ERS-2 radar altimeter wave
height datn for December 1995,
Correction praposed by Challenor applied.



All buoys 9512 to 8603

28 o e

26 W! N D o4
o e
T ¥
I »
E 5
. 18
w
- 16
=
£ 14
T 12
@ g ENTRIES = 12203
£3. MODEL MEAN = 8.653 STDEV = 3.740
“ g BUQY MEAN = 8182 STDEV ~ 3.398
E s LSQ FIT: SLOPE = 0.985 INTR = 0.583
= RMSE = 1.753 BIAS = 0.484
= 4 CORR COEF - 0.893 Sl — 0.206

2 SYMMETRIC SLOPE = 1.0684

G 2 4 6 810121416 182022242628

i Wind Speed %n/% buoy
Comparison of analysed ECMWF wind speeds
with averaged buoy data.

14 -
HS L
12 Lo
- e
- 10 : . gy
g A + B
S iy
1= 8 4 RE +
+ Fas
= L
- +4 . ENTRIES = 12634
- & + MODEL MEAN = 2.818 STDEV = 1.256
4 BUOY MEAN = 3.087 STDEV = 1.413
- LSQ FIT: SLOPE = 0.833 INTR = 0.245
2 ; RMSE = 0.564 BIAS = -0.270
+ CORR COEF = 0.038 8t = 0.161
+ SYMMETRIC SLOPE = 0.909
%23 % & 35 Tz 4

H, {(m) buoy
Comparison of analysed ECMWF wave heights
with averaged buoy data.

22 + %
_2 TP+ e
(3]

+ +
T 18 F4: 4+ %
£ 18 i
o, 14 + #
3 +

& 12 *
& 4

10 + . AN
© + LT
L =8 + 2+ ¥ ENTRIES = 8957
5 Sy . MODEL MEAN = 10.131 STDEV = 2.738
[«8 -] % BUOY MEAN = 10.304 STDEV = 2.931
2 + : LSQ FIT: SLOPE = 0.752 INTR = 2.381
g 4 P . RMSE = 1.788 BIAS = -0.174
o CORR COEF = 0.805 SI = 0.173

2 , SYMMETRIC SLOPE = 0.980

% 5 76 8 10 12 14 76 18 20 22

. Peak Period sec.; buoy
Comparison of analvsed ECMWF peak periods
with averaged buo: data.

FIGURE 2. Scatter diagram of buoy - model comparison for the period December 1995 to
March 1996.




Global validation of ERS Wind and Wave Products

3

ANNEX 1

. ECMWF Analysis of the QLRWD products.
. ECMWF Analysis of the second set of QLRWD products.
. ECMWF Analysis of corrected winds using URA FDP products

6.Appendices (edited 27 January 1998)

31




Global validation of ERS Wind and Wave Products

32

6.Appendices (edited 27 January 1998)



ECMWF Analysis of the QLRWD products

Bjom Hansen - European Centre for Medium Range Weather Forecasts.

These are the results of the comparison of the wind speed data of the Quick-Look-
Reprocessed-WinD products (QLRWD) with ECMWF’s analysed surface wind
speeds.

The QLRWD provided by Esrin covered one full cycle for the period 1. 12. 1995
0:00UT to 4.1.96 0:00UT. To compare with the previously performed analysis only the
data of December 1995 have been considered (1,719,047 observations in total). The
figures 1 and 2, showing the distributions of the backscatter coefficient (o) and wind-

speed, respectively, are provided for reference. Obvious already here is that many of
the bins of the windspeed distribution are completely empty. This is not seen in the
URA data. To further support this, figure 3 shows the retrieved windspeed as a function
of the underlying backscatter coefficient for all windspeeds between 3.0 and 17.0 nv/s
from 1.12.1995 OUT to 1.12.1995 23:54 UT. At this point it is essential to understand
why the QLRWD windspeed distribution shows these undesirable gaps. Unfortunately
this has been discovered at the end of the analysis performed. Therefore all the material
produced is presented now bearing in mind that the results might be wrong.

In order to apply all the processing steps of the existing quality control and collocating
software the wind speed and o information of the QLRWD products had to be merged

with the original URA FDP’s. This left 1,016,831 observations for the subsequent
steps. For many of the QLRWD data there was no corresponding observation in the
URA products. But also for quite some URA observations no QLRWD observation
was found. The produced new URA products were the analysed as described in the
methods section of the draft cwg-report. Figures 4 to 7 show again the distribution of
0y and windspeed data after quality control. On average we now have 11.11dB instead

of 11.25dB for oy and in turn the mean windspeed has changed from 6.77m/s to
7.11m/s.

When comparing these reprocessed and quality controlled winds with model results we
find that the bias has reduced from -0.82m/s to -0.42m/s while all other statistical
parameters remained the same. Figures 8 and 9 show the corresponding scatter dia-
grams. The bias between QLRWD and Model is now in better agreement with what is
found when comparing ERS-1 and model results (-0.31nv/s, figure 10).

Until the open question regarding the empty bins in the windspeed distribution is
resolved we are reluctant to draw firm conclusions at this point, but we don’t expect
that the statistics will change much once the binning problem is resolved. The prelimi-
nary conclusion is, that the QLRWD wind speeds agree better than the original URA
FDP winds with the ECMWF model results and that the proposed change should be
applied.
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ECMWF Analysis of the second set of QLRWD products

Bjorn Hansen - European Centre for Medium Range Weather Forecasts.

This report presents the results of the comparison of the wind speed data of the second
set of Quick-Look-Reprocessed-WinD products (QLRWD) with ECMWF’s analysed
- surface wind speeds. The first set was created with backscatter coefficients (o)

reduced by 0.12 and subsequently using a nearest neighbour - scheme to recalculate
the 10m*arface wind speeds (U;q). According to D. Cotton the applied correction was
probably too small. Therefore a second set was created by ESRIN with o, reduced by
0.16. Furthermore an interpolation scheme instead of the nearest neighbour scheme
was used to recalculate U;q . The period and the amount of data are the same as for the

first set.

With the new scheme there are no empty bins in the histograms any more but there are
still some bins systematically shorter than their neighbours (figures 1 and 2). The rea-
son for this is visible when plotting U as a function of o (figure 3, the data from the
first set are also shown for reference). The picture found is not quite what one would
_expect. It still looks to a certain extend discrete and also some outliers can be found.
The limited precision used for transferring the data from Esrin to ECMWF (0.01 m/s
and 0.01 dB) cannot be used to explain this. ‘

The method to compare the QLRWD data with model results is the same as described
in the first report.

No significant changes in the overall statistics have been found. Figures 4 to 7 show
again the distribution of o6 and windspeed data after quality control. On average we
now have 11.07dB instead of 11.25dB for oy and in turn the mean windspeed has
changed from 6.77m/s to 7.30m/s.

When comparing these reprocessed and quality controlled winds with model results we
find that the bias has reduced from -0.82nv/s to -0.42m/s while all other statistical
parameters remained the same. Figures 8 and 9 show the corresponding scatter dia-
grams. The bias between QLRWD and Model is still in better agreement with what is
found when comparing ERS-1 and model results (-0.31m/s, figure 10).

Since there are no changes to the statistics our conclusion remains the same as before
and it is recommended to apply the proposed correction to the g; to produce winds of

higher quality.
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direction The standard error is shown in brackets.



ECMWEF Analysis of corrected winds using URA FDP products.

Bjérn Hansen - European Centre for Medium Range Weather Forecasts.

In the following the impact of a bias correction of -0.16dB to the backscatter coeffi-
cient (o) on the computed surface winds (U;) within the fast delivery products from

ERS-2 is presented.

The dataset used was the original ERS-2 fast delivery product UEA for the period
1.12.1995 3:00UTC to 1.1.1996 3:00UTC. Before applying the standard quality con-
trol as described earlier a correction of -0.16dB was applied to o, and the surface wind

speeds supplied were replaced with interpolated wind speeds using a look-up table pro-
vided by ESRIN,

Earlier studies showed discontinuities and non-uniformities of U, versus o,. These
have disappeared (Fig.1). But when examining the distribution of the corrected and
quality controlled wind speed data (Fig.2), there are still bins systematically smaller

than others, which we also saw in the earlier studies, but here it is purely the result of
the limited precision of the & data within the FDP, which is 1/100 dB.

S R R

‘0.. AR 11 AR A BB T R R

ig L] 20 i
sigma0 (dB)

FIGURE 1. Reprocessed ERS-2 URA FDF Winds versus o.
1,12,1995 15:00UTC to 21:00UTC, windspeed range selected: 0.0 to 35.0 nv/s.
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FIGURE 2. Reprocessed ERS-2 URA FDP Winds for December 1995,
Correction of -0.16dB applied to URA FDP o and winds updated using look-up table

The method to compare the reprocessed wind data with model results is the same as
described in the first report.

The reprocessed winds are biased low by 0.26m/s witch reduces the bias of the uncor-
rected winds by 0.56m/s and the average wind speed is now 7.42m/s (Figs. 3 and 4).
When we compare model results with ERS-1 wind speeds we find ERS-1 biased low
by 0.31m/s.

From the least squares regression we now find that;
Ugp . =0998xU,, +0064

erad erxl

and from the symmetric regression:

Up = 1007xU,

erid eral

The results show that if a correction of -0.16dB is applied to ERS-2-0;5 ESR-2 winds

will match ERS-1 winds very well. It is therefore recommended to apply the proposed
correction to oy to produce winds of the same quality as ERS-1.
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Correction of -0.16dB applied to URA FDP o and winds updated using look-up table,
The squares denote the mean values in the x-direction and the triangles in the y-
direction The standard error is shown in brackets,
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speed data for December 1995,
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The squares denote the mean values in the x-direction and the triangles in the y-
direction The standard error is shown in brackets.
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VALIDATION OF ERS SATELLITE WAVE PRODUCTS WITH THE WAM MODEL

P A E M Janzsen, B Hansen and J Bidlot

Fiirapenn Centre for Medlum-range Wenther Forecasts,
Shinfield Park, Reading RG2 9AX, UK

Absiract

A brief summary of the ECMWF validation effort of the
ERS satellite wave products is presented. Using the
WAM spectrn (Ref. 1) as first-guess SAR spectra from
the AMI in wave mode have been inverted on n routine
basis and the resulting significant wave height has been
compared agninst modelled  wave height, First
compnrisons suggested that the significant wave height
from the SAR was too large especially for high waves, A
madification to the SAR Inversion algorithm (Ref, 2-3)
resulted  In a closer agreement between SAR and
modelled wave height and hos increased confidence in
the usefulness of SAR image data In a real time data
assimilation system. An extenslve effort has been
performed to validate the ERS Radar Altimeter wind and
wave products. Regarding ERS-1 validation, after some
debugging of the ground station software and a retuning
of algma0, comparisons of the Radar wind and wove
product with ECMWEF wind and wave fields suggested
that the Radar Altimeter winds and waves were relinble,
Although it was known that the Altimeter wave heights
were foo low by 10-15% ECMWF decided to assimilate
this product in the WAM wave maodel from August 1993,
The validation of the ERS-2 Altimeter wind nnd wave
product was made easler because ERS-2 opernted in
tandem with ERS-1, Using the WAM model results as a
reference standard it could be shown that ERS-2 wave
heights were 8% higher than ERS-1 wave heights.
Assimilation of ERS-2 wave helghts Into the ECMWF
wave forecasting system therefore had n beneficial impact
on the wave analysis ns followed from comparisons of
analysed wave height with buoy data. Finally, evidence
is presented that the underestimation of wave helght by
the Altimeter occurs for steep wind waves and not
necessarily for extreme wave helght, This agrees with the
theory of Altimeter wave height retrieval which is only
valld for waves with o small steepness.

1. INTRODUCTION

The necessary calibration/valldation of a satellite sensor
requires large amounts of ground truth data which
ghould cover the full range of possible events. In
particular the number of reliable wave mensurements is
very limited and because of financial restrictions
dedicated field experiments are only possible at a few
sltes, In contrast to that model data are cheap and provide
globnl datn  sets for comparigon. Therefore the
combination of bath li-situ observations and maodel data
seems to be an optimal cal/val data set,

Before model data can be used for validation purposes, it
must be shown that the performance of the WAM

model(Ref, 1) 15 reliable, An extensive validation study
of the quality of the nnnlyses and forecasts of the
ECMWF wive forecasting system (Ref. 4) shows the
good quality of both ECMWEF surface winds and ocean
waves, In Section 2 we show additional verification
scores which are relevant for the validation of the
satellite wave products,

We next describe our validation efforts of the Synthetic
Aperture Radar (SAR) wave spectrn In Section 3, Using
WAM spectra os first-guess, SAR spectra from the AMI
In wave mode have been inverted by means of the
Hansselmann & Hasselmann(Ref, 2) inversion algorithm.
Comparison of the SAR wave height with modelled
wave height revealed a congiderable overestimation by
the SAR but when Hasselmann et al (Ref, 3) improved
the SAR retrieval algorithm the discrepancies
disappenred.

In Section 4 an overview s glven of the validation efforts
of the Radar Altimeter wind and wave products. We start
with briefly describing our contribution to the validation
of the ERS-1 nnd ERS-2 Altimeter wind and wave
products, We also discuss examples of the use of the
Altimeter data, For exnmple, Altimeter wave height dnta
have been nssimilated in our wave forecnsting system
since August 1993 and by comparison of the analysed
wive height with buoy data we have observed a
considerable improvement when we
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Fig.l: An example of a global significant wave height
map. Mean wave directions are shown as well.

switched from ERS:1 to ERS-2 data. We do not use the
Altimeter wind speeds in our data assimilation system
nnd since they are independent we use these data for

global  validation of changes In the atmospheric

forecasting system. The Altimeter wind speed data proved
to be invaluable In showing that the ERS scotterometer
datn had o positive impnct on the nnalysis of the weather
over the southern Ocenns,



The Altimeter wave height refrieval algorithin is baged on
first principles. Nevertheless, the joint probability
distribution of surface elevation and slope s assumed to
be glven by the Gaussian distribution, an assumption
which is only valid for small wave slope. For gteep
waves, which usually occur for young wind sea, one
would therefore expect that the Altlmeter wave height
retrieval is less satisfactory, and in Section 5 we present
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Fig.2: Comparison of analysed wind speed, wave height
and peak period with averaged buoy data over the period
aof December 1995 until November 1996,

evidence for this based on a detailed comparison of
maodelled wave height and Altimeter wave height.

Finally, in Section 6 we present our conclusions.
2.  THE ECMWF WAVE FORECASTING SYSTEM

Since July 1992 cycle 4 of the WAM model has been
running operationally at ECMWF, 1t has been
implemented on the globe with a current resolution of
55 km and on the Mediterrnnean and Baltic Sea with a
resolutlon of 0,25 deg, Following a one day analysls,
which uses analysed ECMWF wind fields and ERS
Altimeter wave height data, a 10-day forecnst is issued
once a day.

Integrated parnmeters such as slgnificant wave height,
mean wave period and mean wave direction (for total sea,
windsen and swell) are disseminated once a day to the
BECMWF member states involved in the wave project,
Furthermore, ECMWF archives nll integrated parameters
for the analysis and forecast every 6 hours, while also the
12Z analysed two-dimensional wave spectra are stored. In
addition, monthly menns have been archived since
January 1995, An exnmple of a wave height field that
may be retrieved s presented In Fig.|

An extensive verification of the wave forecasting system
has recently been corrled out (Ref. 4) and shows the net
improvement of the system over the years (o an extent
that we have nn improved confidence In the model
analygis and forecast resulia, Fig.2 shows sentter dingrmms
of the comparison between nnnlysed wind speed, wave
height and penk period against buoy observations over o
one yenr period, In order o mateh with the spatial scales
of the model, which had during this period n resolution
of 1.5 deg, buoy observations have been avernged over a
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Fig.3: Verlfication of wave and wind forecast against
buay data for the period of June until Deceniber 1995,

6 hour period centred around the synoptic times, whilst
we only selected buoys which reported observations fairly
continuous enabling quality control of the observations,
Regarding the wind speed comparison it is noted that
analysed wind speed I8 too high by 6%. This apparent
over prediction is cnused by the fact that buoys report
winds at a height of on average 5 m whilst the model



wind refers to the stancard height of 10 m. This height
difference may give rise to relative differences of about
109, The analysed waveheight 18 too low by 9 % and the
nnalysed penk frequency shows hardly no bins. As will be
discussed In Section 4 an important rengon for the too
low nnalysed wave helght is the under estimation of wave
height by the Radar Altimeter.

In Fig. 3 we show the verification of wave and wind
forecast against buoy data for a period of 6 months in
1995, The quantity we show is the so-called scatter
index(S.1.) which is the ratio of standard deviation of the
difference and the mean observed wave height, The line
styles refer to different arens on the globe and clearly
these arens hove different characteristics of error growth,
In swell dominated arens such as Hawall there is hardly
no ervor growth over the 10 day perlod wherens in arens
where significant wind-wave growth occurs (e.g. North
Pacific and the North-east Atlantic) the scatter index
more than doubles over the forecnst period, It is also of
interest to note that during the first two days error growth
for wave height is slower than for wind speed. The
renson for this is that the sea state conslsts of a mixture
of wind sea and awell and only the wind sen port is
affected by the errors in wind forcing. Beyond day 2
errora In wind sen dominate and the wave height then
shows similar error growth as the wind speed,

We conclude that the ECMWF wave forecasting system
produces relinble results and therefore may be of use in
validating satellite wave products,

3, VALIDATION OF S5AR SPECTRA

Sinee 1991 observed two-dimensional wave spectra from
SAR wave mode images have been produced on n routine
busis ut ECMWF, The inversion of the SAR Imnge
spectrum iz based on the Hasselmann and Hasselmann
(Ref. 2) relation for the mapping of the surface wave
apectrum into the SAR image spectrum, This nonlinear
mapping relation needs to be inverted and the inversion
method minimises a cost function representing the error
between the observed and computed SAR Image
spectrum, The inversion is not unique because of the 180
deg directional ambiguity Inherent in the frozen imnge
spectrum  and the loss of information beyond the
azimuthal cut-off of the SAR. To remove this
indeterminncy an additional term {8 added to the cost
function which penaliges deviations from a first-guess
wave specirum. For an overview of this problem see Ref,
L

The Inversion at ECMWF is performed by using the
WAM model wave spectrum at the location of the SAR
image spectrum as a first-guess, Comparison of the
significant wave height from the SAR spectrum with
modelled wave heights from the WAM model suggested
that SAR wave heights were much larger(Ref.5, see also
Ref. 1). This is lllustrated In Fig.4n where we show n

sealter diagram of the comparison between SAR wave
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FigA: Comparison af SAR wave height and first-guess
wave height before (top) and after (bottom) improving the
SAR inversion scheme.

height and WAM wave height for the month of October
1995, Since the WAM maodel is in rensonable agreement
with buoy observations (and also with the Altimeter wave
heights) it was concluded that SAR wave heights were
too high. Recent Improvements in the SAR retrieval
algorithm (Ref, 3) have resulted in a much closer
agreement between SAR wave height nnd WAM wave
height o is shown In Fig. 4b. This has led to Incrensed
confidence in the use of SAR image data in a real time
data nssimilation system, While the use of the original
algorithm would have led to considernble inconsistencies
with for example the Altimeter wave height the new
algorithm has much improved in this respect.

The use of SAR data in wave data assimilation seems
therefore promising, in pariicular because compared to
Altimeter wave height data it containg much more
relevant information regarding the sen state. At ECMWF
work in this direction is in progress.

4, VALIDATION OF ERS RADAR ALTIMETER
WIND AND WAVE PRODUCTS

As described by Hansen and Guenther (Ref, 6) the
Altimeter wind and wave data first pass a quality control
program that checks the internal data consistency. Next
mean wnve height and wind speed are obialned by
avernging the Altimeter time serles over a perlod that
matches the spatinl resolution of the WAM model, These
averaged observations are colled super observations, and
the Radar altimeter products have been validated by
comparing these super observations with wave and wind



maodel data.
. ERS-1 wave and wind data validation

Regarding ERS-1 validation we follow Hansen and
Guenther (Ref, 6) closely, During the ERS-1 cal/val the
results of the Altimeter WAM comparisons were weekly
reported to ESA and have been very effective in
identifying errors and problems in the Altimeter software
and retrieval algorithms, In August 1991 the global mean
Altimeter wave height was about 1 m higher than
computed by the model. The Investigation of the detected
bins led to the discovery of a small offset in the
pre-launch Instrument characterisation data. When the
processing algorithm was updated at all the ground
statlons the performance of the Altimeter wave height
was found to be satisfactory ag follows from an almost
zero wave height blas and a standard deviation of error
of 0.5 m. The Altimeter wave height retrieval nlgorithm
was based on standnrd  Altimeter theory with the

assumption of a Gaussian ocean surface.
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Fig.5: Scatter diagrams of ERS-1 Altimeter and WAM
firsi-guess wave helght for the Southern Hemisphere
between 24,8195 and 5.10.1995. Panel a) surface winds
are analysed using Scatterometer  winds, and Panel b)
Secatterometer data are net used in the atmospheric
analyyis.

During the operational phase of ERS-1 another bug was
discovered in the processing algorithm which led to
unrealistically shaped wave height distributions, This bug
was removed In the beginning of 1994 and resulted In a
much Improved shape of the histograms at low wave
height. Furthermore, in the perlod 1991-1995 thers have
been considerable changes In the operntionnl wave

forecnsting syatem at ECMWF, These chonges nffected
the qunlity of the driving surfice wind fields and
therefore also the quality of the modelled wave helght.
Moreaver, the rezolution of the global wave model was
incrensed from 3 to 1.5 deg In July 1994, An example of
the impnct of an operntional change is given in Fig.5,
where we show for the Southern Hemisphere seatler
dingrams of the comparison between ERS-1 altimeter
wive height datn and first-guess modelled wave helght
for the case when scatterometer dotn are used in the
ntmospheric annlysis or not. The positive impact of the
use of seatterometer datn is evident from the reduetion of
the standnrd devintion of error by 10% from 0.5 to .45m.
All In all these operatlonal changes have resulted In some
gradual changes In the comparison statistics, By the end
of the period that the ERS-1 altimeter wins operntionnl the
wave heights were on n globnl seale too low by as much
a8 20 1o 25 em, while the siandard deviation of error was
only batween 40 and 45 cm,

Regarding the Altimeter winds, enginurlng calibration
and geophysical calibration could not be separated, ns
there is no access to independent data from man-made
targets or siable known targets of opportunity, For the
initinl datn calibration the system gnin wos used ns
determined by pre-lnunch instrument characterisation and
for the initinl geophysical ealibration algorithma from
previous altimeter misslons were used (SeaSnt nnd

Geosat),
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Fig.6: The same ax Fig. 5 bui now for ERS-1 Altimeter
and analysed ECMWF winds,

Firat compnrisons with ECMWF winds uncovered several
problems in the initinl algorithm. The problems were
solved in a couple of weeks but differences of 20 % In
wind speed remained. This difference corresponds to a
small (0.8 dB) bias in antenna gain. After thorough



validation of the ECMWF reference dntn  set it was
shown that the observed antennn gain bins was well
within the error budget for pre-launch ehoracterlsation,
The data calibration was updated In early December
1991, The
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Fig.7: Mean difference between analysed wave height
and buoy observation  between Jamuary 1995 and
January 1997

.ESA altimeter wind product algorithm hos been quite
good since then ns shown in Fig. 6. This Figure shows
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Fig 8: lmpacer of the asstmilation of ERS-1 wave height

data on analysed wave height. Panel a) comparison of

analysed and buoy wave height with ERS-| assimilation,
and Panel b) the same as Panel a) but now with ERS-1

assimilation switched aff. The period ls December 1995,

seatter diagrams of the comparison of ERS-1 altimeter
wind apeed agalnat ECMWF nnalysed wind speed for the
same cases as In Fig.5, Apnrt from the good quality of
the Altimeter wind speeds it is nlso evident from this
Figure that inclusion of the scatteromcter data has
resulted in an improved wind speed analysis, Thus, there
seams to o certain extent conslstency between Altimeter
and Scatterometer wind speeds,

Becnuse of the promising validation resulis ECMWF
introduced in August 1993 the assimilation of Altimeter
wive helghts Into the wave forecnsting system.
Generally, this hns led to an improved specifieation of the
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Fig.9: Verlficarion af ERS-1 wave heights against buoys
during the ERS-1/ERS-2 tandem mission,

wave anilysis. This follows from work done by Bauer
and Staabs (private communicatlon) who compared
ECMWF wave nanalyses with TOPEX/POSEIDON
Altlmeter wave height datn and who found an improved
correlntion between the two after the ERS-1 wave height
dnta assimilation war switched on, However, in the
comparlson with buoy data an underestimation of
analysed wave height wns found by about 25 em. We
have illustrated this in Fig. 7 where we have plotted
annlysed wave height bins a8 function of month over the
two year period starting from January 1995, Note that
ERS-1 datn were used In the assimilation up to April
1996, In order to make sure that the nssimilation of the
Altimeter wave height datn was the ciuse of the too low
nnnlysed wnve height we redid analysis and forecaats
with our wave forecnsiing system for the month of
December 1995, however now without assimilation of
ERS-1 wave heights. A comparison of analysed wave
height with the buoy data, ax done in Fig.8, then revenled
that the ERS-1 data were ihe cause of the oo low
analysed wave helght since without datn nssimilation the
under estimation of wave height was only 3% whilst in
the opposite case then underestimntion was 9%. This
picture was confirmed by a direct comparison of ERS-1
Altimeter and buoy wnve height over a one year perlod,
shown in Pig.9, which gives an underestimation of wave
height by the ERS-1 Altimeter of about 15%. Similar
findings have been reported, for example, by Carter et
al(Ref. 7) for Geosnt Altimeter datn, by Queffelou and
Lefevre(Ref, 8), by Mnstenbroek et al(Ref. 9) for ERS-1
data in the North Sen nnd by Cotion et al (Ref. 10). The
general consensus nowndnys is that Altimeters perform
satisfactorily but that there may be problems at extreme
wave heights, We discuss this issue in more detall in the
next Section,

4.2 ERS-2 wind and wave valldation

The valldation of the ERS-2 wind and wave products



followed a similar pattern a3 the one for ERS-1, although
also some additional remarks should be made.

The validntion of the ERS-2 wind speeds was however
fnirly straight-forward, The main problem was ngnin to
determine the antennn gain factor. However, slnce during
the commissioning phase of ERS-2 the ERS-1 satelllte
was still operational one could compare histograms of
Radar back seaiter from the two satellites and from the
menn difference between the two the antennn gnin bins
for ERS-2 could be determined. A comparison of the
thua obtalned Altimeter wind speeds and the analysed
ECMWF winds was favourable and showed that the
tuning proceduire wags sound,
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Fig. 10: The same as Fig.9 but now for ERS-2 dara,

The ERS-2 Altimeter wave helghts showed from the first
day onwards a remarkably good agreement with the
first-guess modelled wave height, except at low wave
height where ERS-2 had a higher cut-off value than
ERS-1, This higher cut-off value is caused by the
somewhat different Instrumental specifications of the
ERS-2 Altimeter, Because of the tandem mission it was
possible to compare ERS-1 Altimeter wave height data
with those of ERS-2 by using the WAM model data a8 a
reference standard, As a result we found that ERS-2
Altimeter wave heighis were 8% higher than the ones
from ERS-1, and this change was, because of the alrendy
mentloned underestimation of wave height by ERS-1,
tegarded as favourable, Since both Altimeters use the
game wave height retrieval algorithm the imprmrad
performance of the ERS-2 Altimeter must be related to a
different specification of the Altimeter Instrument or a
different processing of the data, According to R, Francis
(private communleation, 1997) the latter is the case,
because the on-board signal processor on ER5-2 uses
more accurate procedure to obtain the wave form, which
rezults in a better estimation of wave height.
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Fig.ll: The same as Fig. 10 but now for the swell
dominated area of Hawail only,

The improved performance of the ERS-2 Altimeter wave
height is ilusteated in Fig.10 where we show for the
period of the tandem misglon n comparison with buoy
-data, Comparing this Figure with Fig.2 which shows the
verification of the ERS=1 wave height data, reveals the
much improved quality of the ERS-2 data since the
underestimation is now only 9% and the relative error has
decreased from 11 to 10%. However, when swell is
dominant (for exnmple, near Hownii) the agresment i
even better (see Fig, 1) since the underestimation is now
only 5%.

The Introduction of ERS-2 Altimeter wave height data in

our wave forecasting system on April 30 1996 therefore

had n positive impnct as shown by a reduction in analysis
WAVE_O forscasl varilloslion 122, Halgh! of waves, surfass lavsl,
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Fig.12: Forecast ervor in wave height in the Tropics for
the year 1996,

error(see for this Fig.7) and as follows from a reduction
of error growth during the forecast, shown in Fig, 12 for
the Tropics. It is emphasized that the Improved forecast
performance |8 found In partlcular in the Northern
Hemisphere summer and the Troples because the sen
state Ia dominnted by swell, This is evident from Fig.7

- which shows that in the winter of 1996:1997 an incrense

of nnnlysed wnve height bins is seen. All this suggests
that the Altimeter wave height retrieval might be to some
extent problematic for wind-generated sens,



5. SEA-STATE DEPENDENCE OF ALTIMETER
WAVE HEIGHT RETRIEVAL

The standard theory of Altimeter wave height retrieval is,
as already mentioned, based on the assumption that the
joint probability distribution of surface elevation and
slopes is Gaussian. The assumption of Gaussianity is
however only valid for small steepness. Therefore, for
steep waves, a state which usuaily occurs for young wind
sea, one would therefore expect that the Altimeter wave
height retrieval is less satisfactory.

The Altimeter-buoy comparison of the previous Section
indeed suggests that the Altimeter wave height retrieval
depends on the sea state. However, to be convincing
more collocations are needed. Hence it was thought of
interest to reinvestigate the comparison between Altimeter
wave height data and the modelled wave height, and to
stratify the collocations by means of the root mean square
slope of the waves. Results of this study are summarised

Sea stata dependency of the ERE-2 Radar Altimeter wave height retrisval - February 1947
i width = 0.01

020 [X7] 430 036 040 0.48°

Fig.13: Mean difference between Altimeter and first-guess
wave height as a function of root mean square slope for
February 1997. The number of collocations is shown as
well. :

in Fig. 13 where we show the mean difference between
Altimeter wave height and WAM wave height as function
of the modelled mean slope. The error bars denote the
uncertainty in the estimate of the bias while also the
number of collocations as function of slope is given. In
this context it is remarked that we have established a
clear relation between the sea state being wind sea or
swell and the value of the mean square slope. In practice,
it turns out that wind seas have root mean square slopes
above 0.3 while swells have slopes below 0.3. Fig.13
suggests that the Altimeter wave height is biased low for
wind seas with large slope. This underestimation may be
as much as 50 cm.

Therefore in contrast to the general consensus it is
concluded that there may be problems with the Altimeter
wave height retrieval for steep waves, which are not
necessarily extreme waves. The young wind sea cases
typically occur in the wave height range of 2-5m. Itis
emphasized that this conclusion is based on the known
limitations of the standard Altimeter theory, on
collocations with buoy data and on collocations with the
modelled wave height.

6. CONCLUSIONS

In this paper we have discussed in some detail the role
wave model data can play in the validation and
interpretation of Satellite wind wave data. The wave
model results were of great help in detecting initial
problems in the ERS-1 Altimeter wave height retrieval,
in validating the ERS-2 Altimeter wave height product
and in detecting a possible sea-state dependence of the
retrieval procedure. Furthermore, WAM model spectra
are needed as a first-guess for the inversion of the SAR
image spectra, while the model data were also of help to
detect problems in a first version of the SAR inversion
algorithm. Similar remarks apply for the helpful role of
ECMWF winds.

Our impression is that the ERS-2 Altimeter wave heights
are of good quality, in particular for swell which
dominates the sea state on a global scale. For steep wind
waves the situation may be less satisfactory. Two ways
out of this undesirable situation are suggested here. One
could establish an empirical fit between the wave height
bias of the Altimeter and the mean square slope and use
the observed mean square slope, which also follows from
the Altimeter waveform, to correct the Altimeter wave
height. Alternatively, following Srokosz (Ref. 11) one
could attempt to extend the Altimeter wave height
retrieval algorithm by including deviations from the
Gaussian state.
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