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Abstract

Denial experiments, also denoted Observing Systetpefinents (OSEs), are used to
determine the impact of an observing system orfdrecast quality of a Numerical Weather
Prediction (NWP) model. When the impact is neubrapositive, new observations from this
observing system may be admitted to an operatifamatasting system based on that NWP
model. A drawback of the method applied in mostialezxperiments is that they neglect the
operational time constraint on the delivery of alagons. In a ten-week twin experiment
with the operational High Resolution Limited Areaotiel (HIRLAM) at KNMI, the impact

of additional ocean surface wind observations ftbemAdvanced Scatterometer (ASCAT) on
the forecast quality of the model has been verifiedier operational conditions. In the
experiment, the operational model was used asersfer parallel to an augmented system in
which the ASCAT winds were assimilated actively j&ative verification of the forecast with
independent wind observations from moored buoys ABEAT winds revealed a slight
improvement in forecast skill as measured by a eds® in observation-minus-forecast
standard deviation in the wind components for thartsrange (up to 24 hours). A subjective
analysis in a case study showed a realistic dergeriia low pressure system over the North
Atlantic near the coast of Ireland through the radation of scatterometer data that was
verified with radiosonde observations over IrelaBdsed on these results the decision was
made to include ASCAT in operations at the nextragg of the forecasting system.

1. Introduction

In this paper we assess the impact of ocean suvf@eé observations from the ASCAT
scatterometer in the operational KNMI HIRLAM segir{Unden, 2002). HIRLAM is a
consortium of European meteorological institutess dooperative research with the aim to
develop and maintain a short-range weather forecpstystem for operational use by the
participating meteorological institutes. Howevére exact implementation of the forecasting
system differs between institutes. In the remaingben we refer to the HIRLAM model, we
refer to the implementation at KNMI that is disceds$n Section 2.

Many weather centers assimilate scatterometer deata operationally in their global models
since the early 1990’s and have demonstrated ingprderecast skill (Bi et al., 2010,
Hersbach and Janssen, 2007). Some studies weiedcaut for regional models as well, like
ERS-1/2 in HIRLAM (Stoffelen and van Beukering, T9®irkka, 2010) and MM5 (Singh et
al., 2008) and also showed positive impacts. Anreasing number of institutes use
scatterometer wind data operationally in their segl models, yet reporting on impact
assessment for NWP in an operational context igdan



The impact of observing systems in a NWP model esegally determined by denial
experiments, i.e., by comparing analyses and fetecaf a control experiment using all
observations in the analysis with a similar expenidenying the observation type under
investigation. Most of these experiments are peréat off-line, not considering the time
latency of observations, i.e., the time delay betw¢he observation time and the actual
availability of the observation. However, in dadgerations, latency in data availability has a
direct effect on the performance of regional modelth short assimilation windows of
typically 1-6 hours. Data latency is therefore tak&o account in the experiments discussed
in the following sections. For synoptic surface avations the latency is in the order of
minutes, while for radiosondes it can be up to baer from the moment of launching the
balloon. The availability of satellite data for esgation is related to the downlink moment of
the data to the ground station. ASCAT is situatadle polar orbiting satellite METOP-A
giving global coverage of ocean surface winds (fSgédana et al., 2002). Only during a
satellite overpass data can be downlinked to thgroaind station. At the time of our
experiments (2010), the only ground station avésldor METOP-A was at Spitsbergen
(Svalbard). The satellite orbit period of about Ifhutes implied that only half of the
observations were available within the required1®hmin. for use in the HIRLAM model
(see Section 2). The so-called level-0 data neealsepsing which adds to the latency. As a
consequence, the limited number of available smetibservations due to data latency
reduces the amount of information of the obsengggtem for the operational HIRLAM
model and regional models in general. This wasgeized and direct data broadcast over
several areas has been implemented since springy @@h the EUMETSAT Advanced
Retransmission Service (EARS) enhance the Atlantic Ocean coverage througftiaual
data dumps from ascending/descending passes owetakstations covering the HIRLAM
area, including Maspalomas, Lannion and AthensoAlnce spring 2011, the data is
dumped twice per orbit, at an additional groundiatain Antarctica (McMurdo).

In this paper, we demonstrate the impact of asatmg ASCAT winds in the operational
KNMI HIRLAM environment of 2010, taking into accourthe limited availability of
observations due to latency for the 2010 situafidre remainder of this paper is organized as
follows. First, an overview of the HIRLAM operatiainenvironment at KNMI is given in
Section 2, including the nesting of the various elodomains, the time scheduling of
executing the model for the different domains, tise of observations and the assimilation
method. This is followed by a description of the @I ocean surface wind product in
Section 3. Section 4 discusses the experimentap satd the impact of assimilating ASCAT
data is demonstrated through verification of windetasts against independent wind data
from buoys and ASCAT. Section 5 presents a caswy sitithe actual deepening of a low-
pressure system in the model simulation througlatitition of ASCAT data. The last section
summarizes the conclusions and provides an outhadkiture work.

2. KNMI HIRLAM operational environment

The HIRLAM forecasting system employs a limitedaapimitive equations forecast model
for the time evolution of the atmospheric state an@D-Var data assimilation system
(Gustafsson et al., 2001, Lindskog et al., 200Xyeling mode to blend prior information on
the state of the atmosphere from the forecast meielavailable observations to provide the

¥ http://www.eumetsat.int/Home/Main/Satellites/Grditetwork/ EARS System/EARS-ASCAT/index.htm?l=en



initial state for a subsequent short-range foreca@ke current version of the operational
HIRLAM system at KNMI is 7.2

D11

Figure 1. HIRLAM model domains for the D11 (6-hoaryd H11 (3-hour) cycles.

The forecasting system operates on two differemtalos, see Fig. 1, with different cycling
schedules, i.e., 4 times per day on the larger donrathe remainder called the D11 cycle (or
D11 run or suite), and 8 times per day on the sndlbmain, in the remainder called the H11
cycle (or H11 run or suite). The model equatioresidentical for both cycles. For both D11
and H11, analyses and forecasts are conducte@lfbrevery six hours with a forecast length
of 48 hours, and for H11 every three hours witloedast length of 24 hours. Both cycles
have a horizontal grid box size of 11 kilometerd1has 60 vertical levels and H11 has 40
vertical levels, both ranging from the surfacehe top of the model atmosphere at 0.1 hPa.
Assimilation of observations into NWP models aimdirading the best possible estimate of
the atmospheric state, also denoted as analysisn gi short-term forecast, also denoted as
first-guess or background, from a previous analysev available observations and their
respective error characteristics. The analysiseseas forecast initial state from which the
forecast is obtained through the integration of thedel equations in time and space.
Observations used in HIRLAM are discussed below.

For the H11-cycle, a three-hour forecast from thevipus H11 run is used as background in
the analysis. The D11-cycle uses a six-hour fotedasn the previous D11 run as
background. Because HIRLAM is a limited area motted, forecast at the domain boundaries
is constraint by the model in which it is embeddesl, D11 for the H11 run. The D11 run is
nested in the global forecast fields from the Eesop Centre for Medium Range Weather
Forecasting (ECMWF). H11 and D11 have differentepbgtion cut-off times, i.e., the time
span between the actual start of the model run,defines the end of the time window of
used observations, and the analysis time. H11 (D$&§ an observation window of 2h30m
(5h) with a cut-off time of 1h (2h) respectivelyallle 1 summarizes the main characteristics
of both runs. As an example, the 12UTC analysisttier H11 run uses the 3-hour forecast
from the 09UTC analysis as background. All obseovat in the time window from
10.30UTC until 13UTC are used in the analysis. ahalysis calculation starts at the window

8 www.hirlam.org



end at 13UTC. Forecasts (FC) are produced fronatiadyses with a maximum range of 24
hours.

Table 1. Main characteristics of HIRLAM D11 and Hdyicles. Analyses for D11 are obtained for 00,
06, 12 and 18 UTC ), i.e., a 6-hour cycle. For H11 analyses are abthat 03, 09, 15 and 21 UTC
in addition, i.e., a 3-hour cycle. The observatiare window around the analysis time is obtained
from the cycle intervaltand the cut-off timet, through [&, - t. /2, t, + t]. The start of the

analysis is atyfit+ ty

model grid size | model cycle interval, | cut-off time, lateral FC range
(degree) levels t., (hours) tews (hour) boundaries | (hour)
D11 0.1 60 6 2 ECMWF 48
H11 0.1 40 3 1 D11 24

Observations used for the operational run at KNMIgenerally obtained through the Global
Telecommunication System (GTS) dedicated for theharge of meteorological observations.
Other observation types are also available, sucBR£ atmospheric delay, wind and pressure
observations from drifting and moored buoys anddnmanofiler observations, but these are
currently not used in the H11 and D11 suites at KNM present the observation set used in
the assimilation is composed of aircraft AMDAR (@iand temperature), radiosonde (wind,
temperature and humidity) and synoptic stations tared and sea (pressure). Figure 2 shows
the typical observation coverage for the 12 UTOyammstime observation window. AMDAR
observations are gathered from commercial aircrgftsdding high density wind and
temperature observations near airports during assehdescent. Over the Atlantic Ocean, at
cruise level, observations are obtained only atifute intervals corresponding to about 105
km spatial separation. Radiosonde launch sitesSandp stations are generally located over
land, with some sparse stations over the oceam IFig. 2 it is clear that the oceanic region
of the model domain is poorly sampled, in particdiéa wind and temperature. Satellite data
fill this gap.

airep-u_20120403_1 2UTC synop/dribu/ship-P_sfc_201 2.0403_1 2UTC .

EE

temp-u_20120403 12UTC

S B e, e wo. X S arn

Figure 2. Typical HIRLAM data coverage for the @ZC analysis window as obtained from the

KNMI experimental observation monitoring tool, inding radiosonde profiles (left panel), aircraft
(AMDAR) observation (center panel) and surface ola#ons from synop stations, ships and drifting
buoys (right panel). Blue (red) symbols denote ola®ns at locations used (not used) in the H11
analysis. Red coloured symbols are either outsiddiLl1 domain as displayed in Figure 1 or flagged
as suspect at the quality control stage. Cyan cetbslymbols indicate a discrepancy between the
observation and corresponding model value, butdneesponding observations were nonetheless used
in the analysis.



Observation handling in HIRLAM involves observatioscreening, reformatting of
observation data structures, storage and generatidglotting of observation statistics (e.g.
Lindskog et al., 2001). In the screening, logidataks are performed such as a location check
for the observations in the model domain. Consesteshecks (no SHIP observations over
land), blacklisting and white listing to forcefullgxclude and include observations from
particular stations and/or in particular areasliguaontrol in the form of a background- or
first-guess check to reject observations not ceersisvith prior information, etc. Additional
observation screening is present in the 3D-VAR ymisl Variational quality control
(Jarvinnen et al.,, 1997) is built-in to reduce dimaate the influence of observations
inconsistent with the current solution for the gmatl model state in the early stages of the
minimization. The 3D-Var assimilation scheme assurtieat all observations are valid at
analysis time. Observations from Synop stationsaaeglable at one hour intervals, but only
those observations closest to the analysis timeusee in the analysis. Spatial observation
thinning is not applied in the operational 3D-Varviegonment at KNMI.

buoy locations
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Figure 3. Locations (triangles) and instrument fdigation numbers of moored buoys.

Pressure and wind observations from drifting andmd buoys are not used in the HIRLAM
analysis. Yet, as will be shown later, it was fouhdt wind observations from a selection of
moored buoys are of good quality and can be ugetthéoverification of model forecast fields.
In general, buoy wind observations are time avetameer 10 minute intervals to reduce
observation noise. Moored buoys have also been fmethe validation of scatterometer
winds (Stoffelen, 1998, Hersbach et al., 2007, Vzaygg et al., 2011). Figure 3 shows the
locations of moored buoys whose observations agd ta verification in section 4. Table 2
summarizes the usage of the baseline observatidhe ioperational HIRLAM environment.



Table 2: Summary of baseline observations and usatpe HIRLAM analysis, with Y and N
denoting Yes and No respectively.

Parameter Assimilated
Surface Synop land Pressure Y
Wind speed/direction | N
Synop ship/Moored Pressure Y
buoys Wind speed/direction | N
Drifting buoy Pressure N
Upper Air Radiosonde Temperature Y
Wind speed/direction | Y
Humidity Y
Airep/AMDAR Temperature Y
Wind speed/direction | Y

3. ASCAT scatterometer ocean surface wind observations

The ASCAT scatterometer on board of the low eadlarporbiting satellite METOP-A is
designed to measure the electromagnetic backsdatténe wind-roughened ocean surface
(Figa-Saldafia et al., 2002). ASCAT has six antentiese measuring to the left and three
measuring to the right of the satellite track. Bystem covers two 500 km swaths that are
separated from the satellite ground track by aB60tkm, see Fig. 4.

“S""”"’”g» thk " descending tmoks."'i*‘

Figure 4. Ascending (left) and descending (righBGAT tracks for three different colored overpasses.
The overpass time (UTC) is displayed next to thatea The dots denote the Wind Vector Cell

(WVC) centroids at which the wind observations de&ned. Their spatial separation is 25 km. The
ASCAT swath has 21 WVCs across track and is 50@viae. Each panel shows 3 overpasses on 27
April 2010, around 19:51 (rightmost swaths thatiar@éme for the 21 UTC analysis), 21:33 (in time

for the 21 UTC analysis) and 23:13 UTC for the fefhel (in time for the 00 UTC analysis but outside
the HIRLAM H11 domain, see Fig.1) and around 1{f3servations arrive too late for the 09 UTC
analysis), 11:43 (observations arrive too latetlierl2 UTC analysis) and 13:24 UTC (observations
arrive too late for the 15 UTC analysis) for thghtipanel, see text for further details.

ASCAT wind information is organised in Wind Vect@ells (WVCs) projected on the

instrument swath. The number of WVCs determinesstrapling resolution for the surface
wind field and the wind information is consideredlte independent from one WVC to the
next. Each WVC contains between two and four andaguvind vector solutions that are the
result of the inversion of the CMOD5 wind cone,.,i.the Geophysical Model Function

(GMF), for a given set of backscatter values amivan scanning geometry (Stoffelen et al.,
1997). Each wind ambiguity is characterised by ktsm probability that is determined

based on the distance-to-cone residual in the siwer



The wind ambiguities, solution probabilities andpinformation from the ECMWF model
10-m background wind are used in a 2D variationabiguity removal procedure (Vogelzang
et al., 2009) to produce an analyzed surface weld.fThis wind field is then used to select
the wind vector ambiguity in each WVC tat is clds&s the analysis, based on vector
difference, as the solution for the observed serfamd. A wind vector solution flag is set to
the index of the selected wind ambiguity in each@vV

Finally, the backscatter measurements, wind amtigiscanning geometry and wind vector
solution flag among others are made available as ASCAT wind product (see
http://www.knmi.nl/scatterometer) in BUFR and Net€fbrmat. Current ASCAT products
include wind speed and direction information aheit25 km or 12.5 km spacing. The
experiments described in this paper use the 25rdotiust that has an accuracy of 1.3 nirs
wind speed and 16 degrees in wind direction whenpaved to collocated ECMWF model
winds (Verspeek et al., 2010, Vogelzang et al. 1201

The orbital period of METOP-A is about 100 minut@s.the time of the experiments full
orbit data were down-linked only once per orbithie Svalbard ground station. On top of the
downlink time some additional latency is introduadgle to processing of the backscatter
signals to ocean surface winds and the dissemmafi@bservations through the GTS. As a
consequence, the total time latency for descendiibds is more than 120 minutes, so these
data arrive too late for assimilation in HIRLAM. Qhe other hand, observations from
ascending orbits inside the model domain may bendased if they fit within the observation
window.

Given the above constraints, the HIRLAM observatom-off time of 1 hour, see Table 1,
and the H11 model domain, see Fig. 1, effectivédgua half the total number of ASCAT
observations in the model domain can be used iratladysis, see Fig. 5. Figure 4 shows a
typical example with 3 overpasses from the ascendibit node in left panel. Data from the
first overpass (two rightmost swaths) around 19HIC and the seconds overpass around
21:33 UTC are in time for the 21UTC analysis wittservation window [19:30, 22:00]. The
left most overpass at 23:13 UTC is outside the HARILH11 domain, so the data can not be
used for the 00 UTC analysis. Data from the desogndrbit nodes in the right panel are
downlinked to Svalbard about 1.5 hour after obg@maime and therefore arrive too late for
the analysis.

The HIRLAM implementation for ASCAT winds is to asslate the components of the wind
vector ambiguities. Before ASCAT observations ahenidted to the analysis, they first have
to undergo a screening procedure. The screeniA$GHAT observations consists of a
location check for each WVC against the HIRLAM damand a check on the observation
time for each across-track row of WVCs againstabgervation time window of a given
assimilation cycle. In addition a threshold chexkeérformed for the presence of sea ice and
land. Finally, the WVC quality flag from the ASCAWiInd product is used to ensure the use
of winds based on high-quality and complete badksceneasurements and a successful
inversion. Because the ASCAT wind information cetsof wind ambiguities, no first-guess
check is carried out and in the analysis; variai@uality control is not active for ASCAT
data.
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Figure 5. ASCAT observation usage in HIRLAM. Bottganel: total number of available (gray) and
used for assimilation (black) ASCAT observationsha H11 domain, depicted in Fig. 1, per day for
the period 24 April until 7 July 2010. The top phoearve shows the difference of the gray and black
curves of the bottom panel corresponding to the barnof non-used ASCAT observations. The
missing part of the curves near 26 June is duentmt@rruption in operations because of a system

upgrade.

In 3D-VAR the cost function

J=J,+J, 1)
iIs minimized. The component terms in (1) are quadrwrms expressing the ‘distance’
between the analysis state and the prior or badkgkstate and observations respectively.
The cost function], comprises the contribution of individual obsereattypes, i.e.,

Jo = Josmor T Joascar T (2
For ASCAT the cost function is defined as

oA&AT _ibs[zl‘]l ] (3)

2 2
Jiz( u-u J +( v-y ] 2P @
JO,ASI:AT JO,ASI:AT
is the cost of theth ambiguity. N, is the number of ambiguities in observatipn(u,v) and

(u,v,) are the analysis and ASCAT wind vector ambigudgnponents respectivelgp ascar

is the expected standard deviation of the errahénASCAT wind components with a value
of 1.8 m&* (Vogelzang et al., 2009R is the a-priori solution probability (Portabellada
Stoffelen, 2004) andp is an empirical weight factor for the ambiguitigsich currently has

the value of four. This weight factor emphasizes discrimination between the ambiguities
and makes the expression for the cost functionv®eheore as an ‘if’-statement.

where




4. Experimental setup and results

In this section we demonstrate the added valueSILAT winds for the operational KNMI
HIRLAM cycle. Hereto, we conducted an experimemialdel run (in the remainder denoted
X11) parallel in time to the operational H11 rum fbe 10-week period of 24 April - 7 July
2010, with the only difference the additional useA&CAT winds in the experimental run.
The model domain for H11 and X11 is identical amel houndaries for both H11 and X11 are
obtained from D11. The observation cut-off timeoag hour, see Table 1, and the used model
domain, see Fig. 1, imply that only about halfltd ASCAT data in the model domain can be
used as discussed in the previous section. As am@e, Fig. 6 shows the ASCAT
observations used in the 21 UTC experimental (HIBLAM analysis of 27 April 2010.
The assimilated swaths correspond to the first(ftwéime) overpasses in the left panel of Fig.
4.
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Figure 6. ASCAT observations used in the experialddtRLAM suite (X11) for the 21 UTC

analysis on 27 April 2010. Blue dots denote locatizvhere observations were used in the analysis,
red dots denote locations not used in the anabgsiause of wind retrievals that did not pass the
quality control, because of proximity to land, unaissea state or other surface wind flow regimes no
well modelled during the scatterometer wind retuiee.g. Stoffelen et al., 1997.

The impact of ASCAT is assessed by comparing thdeinforecasts from both experiments
with independent observations. In an operationated it is also important to monitor the
production chain and timeliness of model output twstomer delivery, since adding
observations to the assimilation will increase ¢beputation time. The parallel set up of the
ASCAT experiment guarantees a realistic assessofettie impact obtained from ASCAT
observations in an operational environment.

The assimilation experiment was performed in a sep@rational environment. Both runs
were started almost simultaneously, using exabtysame boundary conditions and baseline
set of observations. The parallel run was perfordmech 24 April to 7 July, 2010. Short
interruptions did not cause a break in the asstrilachain of the X11 run through restarts in
off-line mode to catch up with the operational nlodéne restarts were initiated with the
latest X11 analysis and identical boundaries andveotional observations as in the
operational H11 run plus ASCAT.

The operational ASCAT 25 km product was used in #éxperiments. The specified
observation error for both wind components, thaegeines the weight of the observations in
the analysis, is 1.8 ritssimilar as used at ECMWF. It is well known thadhlgl models lack
variance on scales below 200 km (Vogelzang et 2011). As a consequence, the



representativeness error of closely spaced obsenga{separated by less than 200 km) is
correlated. However, nowadays assimilation systesurme uncorrelated observations. To
account for this inconsistency NWP centers apptg tleinning and/or inflate the observation
error variances to reduce the weight of the obsems in the analysis. ECMWEF thins
ASCAT data to 100 km observation separation. Na dhinning and error inflation were
applied in the HIRLAM X11 experiment, thus givingbstantially more weight to ASCAT
observation in the analysis than is done by ECMWshould be noted that the forecast range
of interest differs for both models with ECMWF fatog in the mid-term (5-10 days) and
HIRLAM X11/H11 focusing on the short-range (0-24uhp This might and most probably
will lead to a different use of observations in lgdb and meso-scale models, as further
discussed in Section 5.

Results of the assimilation of scatterometer olmems is discussed in the following
subsection by comparing forecasts of wind and presBom the H11 and X11 experiments
with available independent observations from buaysps and ASCAT. We focus on wind
and pressure forecasts over the ocean, where maximpact is expected. The last part of
this section describes a case study.

4.1 Objective verification

Forecasts have been compared to independent sca¢ter winds for the whole experimental
period. Fig. 7 shows a more than 3% reduction ef XB-meter wind speed error standard
deviation for the X11 experiment, including ASCATnds, relative to the operational H11
experiment at FC+06 that gradually decreases tsecto neutral at FC+24. The boundary
conditions are equal in both H11 and X11 experisiersto the forecasts from both
experiments will be nearly identical near the bares. Therefore, only scatterometer
observations sufficiently remote from the domairutaries have been used for a valid
comparison. Most impact of additional observati@mexpected in the first couple of hours of
the forecast, because the analysis increments eddby the additional observations are
advected out of the verification area for longereéast ranges. Figure 7 shows a positive
impact from the ASCAT winds assimilation throughealuction of both the 10-meter wind
speed bias and standard deviation over the fudicst range.
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Figure 7. Bias and standard deviation of obseraatinus forecast (O-F) for 10-meter wind speed
from ASCAT and forecasts from the reference H11(gray) and experimental (including ASCAT)
X11 run (black) for the experimental period 24 Apoi7 July 2010. The black dashed line shows the
percentage change in standard deviation, with hegatlues denoting a standard deviation reduction,
i.e., improved skill by assimilating ASCAT.
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Figure 8 shows the verification of both model suiiten 10m winds for the moored buoys
displayed in Fig. 3. The wind observations fromysiare currently not assimilated. Yet, the
buoy winds are of good quality as can be obsermdeéig. 8 from the close to zero bias and
standard deviations below 1.8 Th$or both runs. A positive impact is observed when
assimilating ASCAT wind observations. The zonak{eaest) component shows a zero bias
for both runs, while the standard deviation is eEtlby slightly more than 2% at FC+03 and
about 1% at FC+24. For the meridional (north-soutomponent of the wind, the
improvement in standard deviation reduction is eka@ger from about 2% at FC+03, 3% at
FC+12 and slightly more than 1% at FC+24. The niemal wind component shows a small
positive bias.
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Figure 8. Same as Fig. 7 but now verified agalmstzonal (u) (left panel) and meridional (v) (right
panel) wind components of moored buoys locatedsggayed in Fig. 3.

Another objective way of verifying observation ingpas by evaluating the background
departure variances, also denoted observation mivackground or (o-b) variances.
Background and analysis departures are calculatdédaechived by default for all observing
systems used in HIRLAM. Figure 9 shows that the ehadnds are consistently closer to
buoy measured winds when ASCAT observations arnendated. This is true for all buoy
locations and for both wind components. The (otahdard deviation significantly decreases
when using ASCAT observations from 1.69 to 1.63'fts the zonal wind component and
from 1.69 to 1.62 m&for the meridional wind component. Statisticalnéiigance was based
on the F-distribution with parametersh=d,=14.535 and testing the null hypothesis of equal
(0-b) variances when using ASCAT data. The F-vafoeshe corresponding 90% and 99%
confidence levels then equal 1.027 and 1.044 réispbc The quotient of the (0-b) variances
for the zonal and meridional component are 1.0%51a088 respectively, i.e., larger than the
value for the 99% confidence level, meaning thatribll hypothesis should be rejected with
more than 99% confidence. The ASCAT impact on #wuction of the (o-b) variance is
significant in the sense of the described test abov

™ http://en.wikipedia.org/wiki/F-distribution
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Figure 9. Background departure standard deviatidheoHIRLAM model wind from buoy zonal (left
panel) and meridional (right panel) wind compongfusall buoys separately. The location of the
buoys is found in Fig. 3. The statistics are bamed4,535 observations over the complete 10 week
experimental period. Black and orange bars corra$pmthe operational H11 and experimental X11
cycles respectively.

The background departure variance equals by deinthe sum of the background error
variance and the observation error variance. Ttierles composed of the measurement error
(instrument noise) variance and the representasgenerror variance. For ASCAT
observations the standard deviation of (0-b) eqiad® and 1.41 nisfor the zonal and
meridional wind components respectively, i.e., $emdhan found for buoy winds as expected
because buoys yield point observations while ASG%Eervations are spatial averages by
construction. The representativeness error, whighai substantial component of the
background departure, is thus larger for buoys thaeASCAT.

Figure 10 shows the statistics of observation miouscast for surface pressure from moving
ships and the moored buoys (and ships) displayddgn3. A positive impact is found for
positive differences (black lines). Compared to mgvplatforms, the bias is slightly
increased, while the standard deviation is smaltegn using ASCAT. For moored platforms,
a neutral impact is observed, slightly positiveha first 10 hours of the forecast and slightly
negative for larger forecast ranges.

The quality of surface pressure observations fraoiftirdy buoys is non-constant for different
buoys. Figure 11 shows the standard deviation ef difference of the observed surface
pressure and the corresponding HIRLAM referencedast for a number of buoys. Clearly,
the quality differs per buoy. To reduce the impafctjuality differences on the results only
four buoys, that match best with the HIRLAM modelke used for verification, i.e., numbered
62513, 62504, 62517 and 44622, see the right pan€ig. 12 for their location. Their
location during the experimental period is dispthyethe right panel of Fig. 12.
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Figure 10. Similar as Fig. 7 but now for pressussapvations from moving ships (left) and moored
buoys and ships (right). Black dotted lines denlotedifferences between the absolute bias of the
reference (H11) run and the absolute bias of tpemxental ASCAT (X11) run. Positive differences
imply positive impact.
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Figure 11. HIRLAM reference model (H11) surfacegsige (hPa) error standard deviation against
drifting buoys. Some of the buoy locations are ldiggpd in the right panel of Fig. 12.
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The pressure observation minus forecast statisticghe selected four drifting buoys is
shown in Fig. 12 (left panel). ASCAT data have akmegative impact on the bias and a
small positive impact on the standard deviatiorhvidtrecast time.
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Figure 12. Left panel, same as Fig. 10 but nowterfour drifting buoys displayed in the right pane
showing their displacement over the 10 week expamtal period.

4.2 Case study: 6 June 2010

On 6 June 2010 around 21 UTC, a low pressure systamsituated west of Ireland that
moved eastward while slowly filling. On 7 June, tlogv pressure system reached Ireland
around 12 UTC. Figure 13 shows a similar positigni the low pressure system for both
operational H11 and experimental X11, including ASCruns but with small differences in
wind speed in the region of high wind speeds sautt east of the low pressure system. The
lowest value for the mean sea level pressure i hFa and 997 hPa for the reference and
experimental run respectively.

The positioning of the low pressure system at aiglyme is close to the HIRLAM domain
boundary. The effect of assimilating ASCAT windsisown by the difference plots of wind
speed and mean sea level pressure, depicted iagheolumn of Fig. 13. The low pressure
system is deepened and maintained throughout timplete forecast range. Also, the wind
speed increase close to the low pressure systamigained. The used ASCAT observations
are located east of the low pressure system, ged i From the analysis increment it is clear
that maximum impact of ASCAT observations is okgdimear the ASCAT track but the
analysis also spatially spreads the observatiarnmdtion to regions outside the swath. Also,
regions with plus symbols in the increment indicateincrease of the simulated model wind
through the addition of ASCAT observations.

Model wind forecasts from the operational and eixpental run were verified against
radiosonde data at Valentia (IRL), i.e., 3, 6 addofr forecasts initiated at 6 June 2010 21
UTC and verifying at 7 June 00 UTC, 06 UTC and IXJUespectively were compared with
successive radiosonde launches at these verificéitioes. Figure 15 shows on average a
better match of winds from the experimental (ASCAUz with the radiosonde winds, in
particular for the meridional wind component.

The assimilation of ASCAT wind observations resdilia a slight deepening of the low
pressure system, and modestly stronger southerigisaat the Irish coast. Unfortunately, the
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deepening of the low pressure system could not ddirmed by pressure observations
because of missing moored and drifting buoys re#re location of the low-pressure system.

XIU-HII (P, 1)
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Figure 13: Analyses (top row) and successive fatsogows 2-6) of 10-meter wind speed (color
scale) and mean sea level pressure (black contimurt)e reference (H11) run (first column) and the
experimental (X11) ASCAT run (middle column). Tlast column shows the differences in wind
speed (blue to red scale) and mean sea level peeddue contours is decrease; red is increas&). Th
analysis time is 6 June 2010 21 UTC. Forecasttaers every 3 hours up to FC+15.

15



H11 First Guess

6 June 2010
21 UTC

b)

Figure 14. a) 10-meter wind speed background @tiphnel), analysis (top right panel) and analysis
increment, i.e., analysis minus background (bottefth for the reference (H11) run. b) Similar but
now for the experimental X11 ASCAT run. The bottaght panel shows the ASCAT coverage and
measured wind speeds. The red spot in the topaetls marks the location of the observatory in
Valentia (Ireland).
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Figure 15: Observation minus forecast for radiogsridunched at Valentia, marked by the circle in
Fig. 14. Gray (black) curves correspond to therezfee (experimental ASCAT) run. Forecasts are
initiated from the 6 June 2010 21 UTC analysist behel: 3-hour forecast minus the 7 June 00 UTC
radiosonde launch. Middle panel: 9-hour forecastusithe 7 June 06UTC radiosonde launch. Right
panel: 15-hour forecast minus the 7 June 12 UT@®@sadde launch.

5. Summary, conclusions and outlook

ASCAT Scatterometer ocean surface wind observatawasproven to be beneficial for the
forecast quality of the regional HIRLAM model opgoaal at KNMI. This was demonstrated
by comparing the operational cycle with a paraillel over a 10 week period with additional
ASCAT wind observations consisting of the ASCAT{2% data set provided by KNMI in
the context of the OSI SAF (Ocean and Sea Ice IBat@pplication Facility) project’. All
other conditions in the operational and paralleh nwere kept constant, including the
conditions at the domain boundaries. Generallyeplisg system impact experiments do not
take into account the operational time constramthe delivery of observations, which may
not be a limitation for most global models, buamsimportant aspect for regional models with
short cut-off times. This paper studied a clean aatpexperiment taking into account
operational conditions at KNMI, including the assation window cut-off time and
observation delivery through the GTS. Observatiamiing too late (later than the window
cut-off time) were thus ignored in the analysis.wids shown that at the time that the
experiments were conducted in 2010 about half ef AIKCAT observations in the model
domain could not be used due to these time consdrafnother aspect to consider in an
operational context is monitoring of the productmrain and timeliness of model output for
customer delivery, since adding new observations desimilation will increase the
computation time.

Despite these limitations, wind forecasts verifibdtter against independent (i.e., not
assimilated) moored buoys and ASCAT observatiorth Wie use of available additional
ASCAT data in the analysis. The most substantigqrawement was found in the first 12
hours with a 2-3% reduction of the wind componesttservation-minus-forecast standard
deviation decreasing to 1% after 24 hours. The ohpa the 24-hour forecast of surface
pressure was neutral to slightly positive when careg to ship observations and drifting
buoys. A case study showed a realistic deepening lmiw pressure system in the North
Atlantic near the coast of Ireland through the ragation of scatterometer data that was
verified with radiosonde observations over Ireland.

™ http://www.osi-saf.org/
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The ASCAT experiment was done without additiongbrefto optimize the information
content of ASCAT observations for the HIRLAM mod&he observations were used at the
highest available density with 25 km spacing betwalaservations. No data thinning or error
inflation was applied, which is common practicaraist NWP centers. It was found that the
ASCAT background departure standard deviation isllem than the specified 1.8 ths
observation error standard deviation, meaningtti@tctual observation error is substantially
smaller than specified. The conservative use oéasgions in the analysis is attributed to the
assumption of uncorrelated observation errors. Hewenowadays models do not resolve
scales below 200 km (Vogelzang et al., 2011), nmgpiiat the representativeness error of
closely spaced (less than 200 km separation) o@sens is correlated. For this reason error
inflation is applied to observations with correthigrors to reduce their weight in the analysis.
The Hollingsworth and Lonnberg method (Hollingsvioend Lonnberg, 1986) and/or the
Desroziers diagnostic method (Desroziers et alQ5pPOmay be used to separate the
observation error and background error from thekgpamind departures. In addition, the
respective error correlation length scales may bwioned. A better characterization of
observation (and model) errors will lead to a mopimal use of observations in NWP
models. This will be an active area of researchtiercoming years thereby keeping in mind
the different focal points of global models (medivamge forecast) and meso-scale models
(nowcasting, short-range forecast).

Data latency is an important aspect for tiperational use of observations, in particular for
regional models with a more frequent cycling thésbgl models. At KNMI experiments are
ongoing with a rapid update cycle of one hour. hayeis not taken into account in standard
observing system experiments (OSE) for observasigsiem impact assessment. Standard
OSE therefore tend to overestimate the observabtpact, in particular when applied to
regional models. ASCAT-B observations from the paen METOP-B satellite that was
launched in September 2012 and expected futuresatoeobservations from the Indian and
Chinese scatterometers will substantially increthgecoverage of ocean surface winds, but
their optimal use for regional models will bendfidbm additional ground stations to deliver
the data in time. For ASCAT, and other satellitstimments, the situation has improved
substantially through the EARS system. The addibbrground stations since 2011 in the
HIRLAM area for fast data delivery of satellite ddtas reduced the data latency substantially.
It is therefore expected that nowadays ASCAT impactthe operational HIRLAM model
would be larger than demonstrated in this paper.

Future research activities at KNMI are related e transition from the hydrostatical
HIRLAM model to the non-hydrostatical HARMONIE mddé@lanned assimilation efforts
will focus on the HARMONIE model, including the usé ASCAT, GPS water vapor, high
resolution aircraft observations from radar tragkjfode-S) and radar winds and reflectivity.
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