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ABSTRACT
Denial experiments, also denoted observing system experiments (OSEs), are used to determine the impact
of an observing system on the forecast quality of a numerical weather prediction (NWP) model. When the
impact is neutral or positive, new observations from this observing system may be admitted to an operational
forecasting system based on that NWP model. A drawback of the method applied in most denial experiments
is that it neglects the operational time constraint on the delivery of observations. In a 10-week twin experiment with the operational High-Resolution Limited-Area Model (HIRLAM) at KNMI, the impact of additional ocean surface wind observations from the Advanced Scatterometer (ASCAT) on the forecast quality
of the model has been verified under operational conditions. In the experiment, the operational model was
used as reference, parallel to an augmented system in which the ASCAT winds were assimilated actively.
Objective verification of the forecast with independent wind observations from moored buoys and ASCAT
winds revealed a slight improvement in forecast skill as measured by a decrease in observation-minus-forecast
standard deviation in the wind components for the short range (up to 24 h). A subjective analysis in a case
study showed a realistic deepening of a low pressure system over the North Atlantic near the coast of Ireland
through the assimilation of scatterometer data that were verified with radiosonde observations over Ireland.
Based on these results, the decision was made to include ASCAT in operations at the next upgrade of the
forecasting system.

1. Introduction
In this paper we assess the impact of ocean surface
wind observations from the Advanced Scatterometer
(ASCAT) in the operational Royal Netherlands Meteorological Office (KNMI) High-Resolution LimitedArea Model (HIRLAM) setting (Unden 2002). HIRLAM
is a consortium of European meteorological institutes
for cooperative research with the aim of developing
and maintaining a short-range weather forecasting system for operational use by the participating meteorological institutes. However, the exact implementation of the
forecasting system differs between institutes. In the remainder, when we refer to the HIRLAM model, we refer to
the implementation at KNMI that is discussed in section 2.
Many weather centers have assimilated scatterometer
wind data operationally in their global models since the
early 1990s and have demonstrated improved forecast
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skill (Bi et al. 2011; Hersbach and Janssen 2007). Some
studies were carried out for regional models as well,
like the European Remote Sensing Satellites-1 and -2 (ERS1/2) in HIRLAM (Stoffelen and van Beukering 1997;
Pirkka 2010) and the Quick Scatterometer (QuikSCAT)
in the fifth-generation Pennsylvania State University–
National Center for Atmospheric Research Mesoscale
Model (MM5; Singh et al. 2008), and also showed positive
impacts. An increasing number of institutes use scatterometer wind data operationally in their regional models,
yet reporting on impact assessment for NWP in an operational context is limited.
The impact of observing systems in a NWP model is
generally determined by denial experiments; that is, by
comparing analyses and forecasts of a control experiment using all observations in the analysis with a similar
experiment denying the observation type under investigation. Most of these experiments are performed
offline, not considering the time latency of observations,
that is, the time delay between the observation time and
the actual availability of the observation. However, in
daily operations, latency in data availability has a direct
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effect on the performance of regional models with short
assimilation windows of typically 1–6 h. Data latency is
therefore taken into account in the experiments discussed
in the following sections. For synoptic surface observations the latency is on the order of minutes, while for
radiosondes it can be up to 1 h from the moment the
balloon is launched. The availability of satellite data
for assimilation is related to the downlink moment of
the data to the ground station. ASCAT is situated on
the polar-orbiting meteorological operational satellite
(MetOp-A) giving global coverage of ocean surface winds
(Figa-Saldaña et al. 2002). Only during a satellite overpass can data be downlinked to a ground station. At the
time of our experiments (2010), the only ground station
available for MetOp-A was at Spitsbergen (Svalbard,
Norway). The satellite orbit period of about 100 min
implied that only half of the observations were available within the required 1 h, 15 min required for use in
HIRLAM (see section 2). The so-called level-0 data
need processing, which adds to the latency. As a consequence, the limited number of available satellite
observations due to data latency reduces the amount of
information from the observing system for the operational HIRLAM model and regional models in general.
This was recognized and direct data broadcasts over
several areas have been implemented since spring 2011
with the European Organisation for the Exploitation of
Meteorological Satellites (EUMETSAT) Advanced Retransmission Service (EARS; http://www.eumetsat.int/
Home/Main/Satellites/GroundNetwork/EARSSystem/
EARS-ASCAT/index.htm?l5en) to enhance the Atlantic
Ocean coverage through additional data dumps from ascending–descending passes over several stations covering
the HIRLAM area, including Maspalomas in the Canary
Islands; Lannion, France; and Athens, Greece. Also,
since spring 2011, the data are dumped twice per orbit, at
an additional ground station in Antarctica (McMurdo).
As a result of KNMI’s ongoing effort to incorporate
and optimize the use of observations in NWP, we demonstrate the impact of assimilating ASCAT winds in the
operational KNMI HIRLAM environment of 2010, taking into account the limited availability of observations
due to latency for the 2010 situation. The remainder of
this paper is organized as follows. First, an overview of
the HIRLAM operational environment at KNMI is given
in section 2, including the nesting of the various model
domains, the time scheduling implemented to execute the
model over the different domains, the use of observations, and the assimilation method. This is followed by
a description of the ASCAT ocean surface wind product
in section 3. Section 4 discusses the experimental setup and
the impact of assimilating ASCAT data as demonstrated
through the verification of wind forecasts against
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FIG. 1. HIRLAM model domains for the D11 (6 h) and H11 (3 h)
cycles.

independent wind data from buoys and ASCAT. Section 5
presents a case study of the actual deepening of a low
pressure system in the model simulation through the addition of ASCAT data. The last section summarizes the
conclusions and provides an outlook on future work.

2. KNMI HIRLAM operational environment
The HIRLAM forecasting system employs a limitedarea primitive equations forecast model for the time evolution of the atmospheric state and a three-dimensional
variational data assimilation system (3DVAR; Gustafsson
et al. 2001; Lindskog et al. 2001) in cycling mode to blend
prior information on the state of the atmosphere from the
forecast model with available observations to provide the
initial state for a subsequent short-range forecast. The
operational HIRLAM system at KNMI in 2010 was
version 7.2.1 (www.hirlam.org).
The HIRLAM system is operated in a nested configuration. Model simulations are performed on two domains, the outline of which is shown in Fig. 1. The
simulation runs have different cycling schedules: 4 times
per day on the larger domain, in the remainder called the
D11 cycle (or D11 run or suite), and 8 times per day on
the smaller domain, in the remainder called the H11
cycle (or H11 run or suite). The model equations are
identical for both cycles. For both D11 and H11, analyses and forecasts are conducted; for D11 every 6 h with
a forecast length of 48 h, and for H11 every 3 h with
a forecast length of 24 h. Both cycles have a horizontal
grid box size of 11 km. D11 has 60 vertical levels and
H11 has 40 vertical levels, both ranging from the surface
to the top of the model atmosphere at 0.1 hPa.
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TABLE 1. Main characteristics of the HIRLAM D11 and H11 cycles. Analyses for D11 are obtained for 0000, 0600, 1200, and 1800
UTC (tan) (i.e., a 6-h cycle). H11 analyses are also obtained at 0300, 0900, 1500, and 2100 UTC (i.e., a 3-h cycle). The observation time
window around the analysis time is obtained from the cycle interval tc and the cutoff time tcut through [tan–tc/2, tan 1 tcut]. The start of the
analysis is at tan1 tcut.

D11
H11

Model grid size (8)

Model levels

Cycle interval tc (h)

Cutoff time tcut (h)

Lateral boundaries

FC range (h)

0.1
0.1

60
40

6
3

2
1

ECMWF
D11

48
24

Assimilation of observations into NWP models aims
at finding the best possible estimate of the atmospheric
state, also denoted as analysis, given a short-term forecast, also denoted as the first guess or background, from
a previous analysis, new available observations, and
their respective error characteristics. The analysis serves
as forecast initial state from which the forecast is obtained through the integration of the model equations
in time and space. Observations used in HIRLAM are
discussed below.
For the H11 cycle, a 3-h forecast from the previous
H11 run is used as the background in the analysis. The
D11 cycle uses a 6-h forecast from the previous D11 run
as the background. Because HIRLAM is a limited-area
model, the forecast at the domain boundaries is constraint by the model in which it is embedded (i.e., D11
for the H11 run). The D11 run is nested in the global
forecast fields from the European Centre for MediumRange Weather Forecasts (ECMWF). H11 and D11 have
different observation cutoff times (i.e., the time span
between the actual start of the model run, which defines
the end of the time window of used observations, and the
analysis time). H11 (D11) uses an observation window of
2 h, 30 m (5 h) with a cutoff time of 1 h (2 h). Table 1

summarizes the main characteristics of the H11 and D11
runs. As an example, the 1200 UTC analysis for the H11
run uses the 3-h forecast from the 0900 UTC analysis as
background. All observations in the time window from
1030 until 1300 UTC are used in the analysis. The analysis
calculation starts at the window end at 1300 UTC. Forecasts (FCs) are produced from the analyses with a maximum range of 24 h.
Observations used for the operational run at KNMI
are generally obtained through the Global Telecommunication System (GTS), which is dedicated to the
exchange of meteorological observations. Other observation types are also available, such as GPS atmospheric
delay, wind and pressure observations from drifting
and moored buoys, and wind profiler observations, but
these are currently not used in the H11 and D11 suites at
KNMI. At present the observation set used in the assimilation is composed of Aircraft Meteorological Data
Relay (AMDAR) data (wind and temperature), radiosonde data (wind, temperature, and humidity), and
synoptic station observations over land and sea (pressure). Figure 2 shows the typical observation coverage
for the 1200 UTC analysis time observation window.
AMDAR observations are collected from civil aviation

FIG. 2. Typical HIRLAM data coverage for the 1200 UTC analysis window as obtained from the KNMI experimental observation
monitoring tool, including (left) radiosonde profiles, (center) aircraft (AMDAR) observations, and (right) surface observations from
synoptic stations, ships, and drifting buoys. Black (gray) symbols denote observations at locations used (not used) in the H11 analysis.
Gray-colored symbols are either outside the H11 domain as displayed in Fig. 1 or flagged as suspect at the quality control stage.
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aircraft yielding wind and temperature observations of
high spatial density during the ascent and descent flight
stages near airports. Over the Atlantic Ocean, at cruise
level, observations are obtained only at 7-min intervals
corresponding to about 105-km spatial separation. Radiosonde launch sites and surface synoptic observation
(synop) stations are generally located over land, with
some sparse stations over the ocean. From Fig. 2 it is
clear that the oceanic region of the model domain is
poorly sampled, in particular for wind and temperature.
Satellite data fill this gap.
Observation handling at HIRLAM involves observation screening, reformatting of observation data
structures, storage, and the generating and plotting of
observation statistics (e.g., Lindskog et al. 2001). In the
screening, logical checks are performed such as a location check for the observations in the model domain.
Consistency checks (e.g., no ship observations over land),
blacklisting (whitelisting) to forcefully exclude (include)
observations from particular stations and/or in particular
areas, quality control in the form of a background- or
first-guess check to reject observations not consistent
with prior information, etc. Additional observation
screening is present in the 3DVAR analysis. Variational
quality control (Järvinnen and Unden 1997) is built in to
reduce or eliminate the influence of observations that
are inconsistent with the current solution for the analyzed model state in the early stages of the minimization.
The 3DVAR assimilation scheme assumes that all observations are valid at analysis time. Observations from
synop stations are available at 1-h intervals, but only
those observations closest to the analysis time are used
in the analysis. Spatial observation thinning is not applied in the operational 3DVAR environment at KNMI.
Pressure and wind observations from drifting and
moored buoys are not used in the HIRLAM analyses. Yet,
as will be shown later, it was found that wind observations
from a selection of moored buoys are of good quality and
can be used for the verification of model forecast fields. In
general, buoy wind observations are time averaged over
10-min intervals to reduce observation noise. Moored
buoys have also been used for the validation of scatterometer winds (Stoffelen 1998; Hersbach et al. 2007;
Vogelzang et al. 2011). Figure 3 shows the locations of
moored buoys whose observations are used for verification
in section 4. Table 2 summarizes the usage of the baseline
observations in the operational HIRLAM environment.

3. ASCAT scatterometer ocean surface wind
observations
The ASCAT scatterometer on board the low-earth
polar-orbiting satellite MetOp-A is designed to measure
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FIG. 3. Locations (triangles) and instrument identification numbers
of moored buoys.

the electromagnetic backscatter by the wind-roughened
ocean surface (Figa-Saldaña et al. 2002). ASCAT has six
antennas: three measuring to the left and three measuring
to the right of the satellite track. The system covers two
500-km swaths that are separated from the satellite
ground track by about 360 km (see Fig. 4).
ASCAT wind information is organized into wind
vector cells (WVCs) projected on the instrument swath.
The number of WVCs determines the sampling resolution for the surface wind field and the wind information
is considered to be independent from one WVC to
the next. Each WVC contains two to four ambiguous
wind vector solutions that result from the inversion of
CMOD-5, the geophysical model function for C-band
radars also known as the ‘‘wind cone,’’ for a given set of
backscatter values and a given scanning geometry
(Stoffelen et al. 1997). Each wind ambiguity is characterized by a solution probability that is determined
based on the distance-to-cone residual in the inversion.
The wind ambiguities, solution probabilities, and prior
information from the ECMWF model 10-m background
winds are used in a 2D variational ambiguity removal
procedure (Vogelzang et al. 2009) to produce an analyzed
surface wind field. This wind field is then used to select
the wind vector ambiguity in each WVC that is closest to
the analysis, based on vector difference, as the solution
for the observed surface wind. A wind vector solution flag
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TABLE 2. Summary of baseline observations and usage in the
HIRLAM analysis, with Y and N denoting yes and no, respectively.

Surface

Synop land

Synop ship–moored
buoys

Upper air

Drifting buoy
Radiosonde

Airep–AMDAR

Parameter

Assimilated

Pressure
Wind speed/
direction
Pressure
Wind speed/
direction
Pressure
Temperature
Wind speed/
direction
Humidity
Temperature
Wind speed/
direction

Y
N
Y
N
N
Y
Y
Y
Y
Y

is set to the index of the selected wind ambiguity in each
WVC.
Finally, the backscatter measurements, wind ambiguities, scanning geometry, and wind vector solution
flag, among others, are made available as an ASCAT
wind product (see http://www.knmi.nl/scatterometer) in
Binary Universal Form for the Representation of Meteorological Data (BUFR) and Network Common Data
Form (NetCDF) formats. Current ASCAT products
include wind speed and direction information at either
25- or 12.5-km spacing. The experiments described in
this paper use the 25-km product that has an accuracy of
1.3 m s21 in wind speed and 168 in wind direction when
compared to collocated ECMWF model winds (Verspeek
et al. 2010; Vogelzang et al. 2011).
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The orbital period of MetOp-A is about 100 min. At
the time of the experiments full orbit data were downlinked only once per orbit to the Svalbard ground station.
In addition to the downlink time, some further latency is
introduced due to processing of the backscatter signals to
ocean surface winds and the dissemination of observations through the GTS. As a consequence, the total time
latency for descending orbits is more than 120 min, so
these data arrive too late for assimilation in HIRLAM.
On the other hand, observations from ascending orbits
inside the model domain may be assimilated if they fit
within the observation window.
Given the above constraints, the HIRLAM observation cutoff time of 1 h (see Table 1), and the H11 model
domain (see Fig. 1), effectively about half of the total
number of ASCAT observations in the model domain
can be used in the analysis (see Fig. 5). The left panel of
Fig. 4 shows a typical example, with three overpasses
from the ascending orbit node. Data from the first overpass (two rightmost swaths) around 1951 UTC and the
second overpass at around 2133 UTC are in time for the
2100 UTC analysis with the observation window [1930,
2200]. The leftmost overpass at 2313 UTC is outside the
HIRLAM H11 domain, so the data cannot be used for
the 0000 UTC analysis. Data from the descending orbit
nodes in the right panel of Fig. 4 are downlinked to
Svalbard about 1.5 h after observation time and therefore
arrive too late for the analysis.
The HIRLAM implementation of ASCAT winds is designed to assimilate the components of the wind vector
ambiguities. Before ASCAT observations are admitted
to the analysis, they first have to undergo a screening

FIG. 4. (left) Ascending and (right) descending ASCAT tracks for three different gray-colored overpasses. The overpass time (UTC) is
displayed next to the swaths. The dots denote the WVC centroids at which the wind observations are defined. Their spatial separation is
25 km. The ASCAT swath has 21 WVCs across track and is 500 km wide. Each panel shows three overpasses on 27 April 2010: (left) at
around 1951 UTC (rightmost swaths, which are in time for the 2100 UTC analysis), 2133 UTC (in time for the 2100 UTC analysis),
and 2313 UTC (in time for the 0000 UTC analysis but outside the HIRLAM H11 domain; see Fig. 1) and (right) at around 1003 UTC
(observations arrive too late for the 0900 UTC analysis), 1143 UTC (observations arrive too late for the 1200 UTC analysis), and 1324 UTC
(observations arrive too late for the 1500 UTC analysis). See the text for further details.
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where
Ji 5

FIG. 5. ASCAT observation usage in HIRLAM. (bottom) Total
number of available assimilations (gray) and number used for assimilation (black) of ASCAT observations per day in the H11
domain depicted in Fig. 1 for the period 24 Apr–7 Jul 2010. (top)
The differences in the gray and black curves seen in the bottom
panel corresponding to the number of unused ASCAT observations. The missing part of the curves near 26 Jun is due to an interruption in operations because of a system upgrade.

procedure. The screening of ASCAT observations
consists of a location check for each WVC against the
HIRLAM domain and a check on the observation time
for each across-track row of WVCs against the observation time window of a given assimilation cycle. In
addition, a threshold check is performed for the presence of sea ice and land. Finally, the WVC quality flag
from the ASCAT wind product is used to ensure the
use of winds based on high-quality and complete
backscatter measurements and a successful inversion.
Because the ASCAT wind information consists of wind
ambiguities, no first-guess check is carried out and, in
the analysis, variational quality control is not active for
ASCAT data.
In 3DVAR, the cost function
J 5 Jb 1 Jo

(1)

is minimized. The component terms in (1) are quadratic
forms expressing the ‘‘distance’’ between the analysis
state and the prior or background state and the observations, respectively. The cost function Jo comprises the
contributions of individual observation types:
Jo 5 Jo,SYNOP 1 Jo,ASCAT 1 ⋯.

(2)

For ASCAT, the cost function is defined as

Jo,ASCAT 5

Nobs

0

Nj

å@å
j

i51

121/p
Ji2p A

,

(3)

u 2 ui

so,ASCAT

!
1

y 2 yi

so,ASCAT

!
2 2 lnPi

(4)

is the cost of the ith ambiguity; Nj is the number of
ambiguities in observation j; (u, y) and (ui, y j) are the
analysis and ASCAT wind vector ambiguity components, respectively; so,ASCAT is the expected standard
deviation of the error in the ASCAT wind components
with a value of 1.8 m s21 (Vogelzang et al. 2009); Pi is the
a priori solution probability (Portabella and Stoffelen
2004); and p is an empirical weight factor for the ambiguities, which currently has the value of four. This weight
factor emphasizes the discrimination between the ambiguities and makes the expression for the cost function
behave more as an ‘‘if’’ statement.

4. Experimental setup and results
In this section we demonstrate the added value of
ASCAT winds for the operational KNMI HIRLAM
cycle. Heretofore, we conducted an experimental model
run (in the remainder denoted X11) parallel in time
to the operational H11 run for the 10-week period of
24 April–7 July 2010, with the only difference being the
additional use of ASCAT winds in the experimental run.
The model domains for H11 and X11 are identical and
the boundaries for both H11 and X11 are obtained from
D11. The observation cutoff time of 1 h (see Table 1)
and the model domain used (see Fig. 1) imply that only
about half of the ASCAT data in the model domain can
be used as discussed in the previous section. As an example, Fig. 6 shows the ASCAT observations used in the
2100 UTC experimental (X11) HIRLAM analysis of 27
April 2010. The assimilated swaths correspond to the
first two (in time) overpasses in the left panel of Fig. 4.
The impact of ASCAT is assessed by comparing the
model forecasts from both experiments with independent observations. Within an operational context it is
also important to monitor the production chain and the
timeliness of the model output for customer delivery,
since adding observations to the assimilation will increase
the computation time. The parallel setup of the ASCAT
experiment guarantees a realistic assessment of the impact obtained from ASCAT observations in an operational environment.
The assimilation experiment was performed in a semioperational environment. Both runs were started almost
simultaneously, using exactly the same boundary conditions and baseline set of observations. The parallel run
was performed from 24 April to 7 July 2010. Short interruptions did not cause a break in the assimilation

Unauthenticated | Downloaded 01/10/23 01:42 AM UTC

APRIL 2013

495

DE HAAN ET AL.

FIG. 6. ASCAT observations used in the experimental HIRLAM suite (X11) for the
2100 UTC analysis on 27 Apr 2010. Black areas denote locations where observations were used
in the analysis, and dark gray areas denote locations not used in the analysis because of wind
retrievals that did not pass the quality control [e.g., because of proximity to land, unusual sea
state or other surface wind flow regimes not well modeled during the scatterometer wind retrieval; Stoffelen et al. (1997)].

chain of the X11 run through restarts in offline mode
to catch up with the operational model. The restarts
were initiated with the latest X11 analysis and identical
boundaries and conventional observations as in the operational H11 run plus ASCAT.
The operational ASCAT 25-km product was used in
the experiments. The specified observation error for
both wind components, which determines the weight of
the observations in the analysis, is 1.8 m s21, similar to
that used at ECMWF. It is well known that global models
lack variance on scales below 200 km (Vogelzang et al.
2011). As a consequence, the representativeness error
of closely spaced observations (separated by less than
200 km) is correlated. However, nowadays assimilation
systems assume uncorrelated observations. To account
for this inconsistency, NWP centers apply data thinning

and/or inflate the observation error variances to reduce
the weight of the observations in the analysis. ECMWF
thins ASCAT data to 100-km observation separation.
No data thinning or error inflation was applied in the
HIRLAM X11 experiment; thus giving substantially
more weight to the ASCAT observations in the analysis
than is done by ECMWF. It should be noted that the
forecast range of interest differs for both models, with
ECMWF focusing on the midterm (5–10 days) and
HIRLAM X11–H11 focusing on the short range (0–24 h).
This might and most probably will lead to a different
deployment of the observations in global and mesoscale
models, as is further discussed in section 5.
Results of the assimilation of scatterometer observations is discussed in section 4a by comparing forecasts of
wind and pressure from the H11 and X11 experiments
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with available independent observations from buoys,
ships, and ASCAT. We focus on wind and pressure
forecasts over the ocean, where maximum impact is
expected. The last part of this section describes a case
study.

a. Objective verification
Forecasts have been compared to independent scatterometer winds for the entire experimental period.
Figure 7 shows a more than 3% reduction in the 10-m
wind speed error standard deviation for the X11 experiment, including ASCAT winds, relative to the operational H11 experiment at FC 1 6 h that gradually
decreases to close to neutral at FC 1 24 h. The boundary
conditions are equal in both the H11 and X11 experiments, so the forecasts from both experiments will be
nearly identical near the boundaries. Therefore, only
scatterometer observations sufficiently remote from the
domain boundaries have been used for a valid comparison. The most significant impact of the additional observations is expected in the first couple of hours of the
forecast, because the analysis increments induced by the
additional observations are advected out of the verification area for longer forecast ranges. Figure 7 shows
a positive impact from the ASCAT wind assimilation
through a reduction in both the 10-m wind speed bias
and standard deviation over the full forecast range.
Figure 8 shows the verification of both model suites on
10-m winds for the moored buoys displayed in Fig. 3.
The wind observations from buoys are currently not
assimilated. Yet, the buoy winds are of good quality as
can be observed in Fig. 8 from the close to zero bias and
standard deviations below 1.8 m s21 for both runs. A
positive impact is observed when assimilating ASCAT
wind observations. The zonal (east–west) component
shows a zero bias for both runs, while the standard deviation is reduced by slightly more than 2% at FC 1 3 h
and about 1% at FC 1 24 h. For the meridional (north–
south) component of the wind, the improvement in
standard deviation reduction is even larger, from about
2% at FC 1 3 h, 3% at FC 1 12 h, and slightly more
than 1% at FC 1 24 h. The meridional wind component
shows a small positive bias.
Another objective way of verifying the observation
impact is by evaluating the background departure variances; also denoted observation minus background or
(o 2 b) variances. Background and analysis departures
are calculated and archived by default for all observing
systems used in HIRLAM. Figure 9 shows that the
model winds are consistently closer to buoy-measured
winds when ASCAT observations are assimilated. This
is true for all buoy locations and for both wind components. The (o 2 b) standard deviation significantly

FIG. 7. Bias and standard deviation of (o 2 f ) for 10-m wind
speed from ASCAT and forecasts from the reference H11 run
(gray) and experimental (including ASCAT) X11 run (black) for
the experimental period 24 Apr–7 Jul 2010. The black dashed line
shows the percentage change in standard deviation, with negative
values denoting a standard deviation reduction, i.e., improved skill
by assimilating ASCAT.

decreases when using ASCAT observations from 1.69
to 1.63 m s21 for the zonal wind component and from
1.69 to 1.62 m s21 for the meridional wind component.
Statistical significance was based on the F distribution
(http://en.wikipedia.org/wiki/F-distribution) with parameters d1 5 d2 5 14.535 and testing the null hypothesis of equal (o – b) variances when using ASCAT
data. The F values for the corresponding 90% and 99%
confidence levels then equal 1.027 and 1.044, respectively.
The quotients of the (o – b) variances for the zonal and
meridional components are 1.075 and 1.088, respectively
(i.e., larger than the value for the 99% confidence level),
meaning that the null hypothesis should be rejected
with more than 99% confidence. The ASCAT impact
on the reduction of the (o 2 b) variance is significant in
the sense of the described test above.
The background departure variance equals by definition the sum of the background error variance and the
observation error variance. The latter is composed of
the measurement error (instrument noise) variance and
the representativeness error variance. For ASCAT observations the standard deviation of (o – b) equals 1.40
and 1.41 m s21 for the zonal and meridional wind components, respectively (i.e., smaller than found for buoy
winds, which is as expected because buoys yield point
observations while ASCAT observations are spatial averages by construction). The representativeness error,
which is a substantial component of the background departure, is thus larger for buoys than for ASCAT.
Figure 10 shows the statistics of observations minus
forecasts for surface pressure from moving ships and the
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FIG. 8. As in Fig. 7, but now verified against the (left) zonal (u) and (right) meridional (y) wind
components of moored buoys located as displayed in Fig. 3.

moored buoys (and ships) displayed in Fig. 3. A positive impact is found for positive differences (black
lines). Compared to moving platforms, the bias is slightly
increased, while the standard deviation is smaller
when using ASCAT. For moored platforms, a neutral
impact is observed: slightly positive in the first 10 h of
the forecast and slightly negative for larger forecast
ranges.
The quality of the surface pressure observations from
drifting buoys is nonconstant for different buoys. Figure 11
shows the standard deviation of the difference of the observed surface pressure and the corresponding HIRLAM
reference forecast for a number of buoys. Clearly, the
quality differs per buoy. To reduce the impact of quality
differences on the results, only four buoys, which match up

best with the HIRLAM model, are used for verification
(buoys 62513, 62504, 62517, and 44622). Their locations
during the experimental period are displayed in the right
panel of Fig. 12.
The pressure observation minus forecast statistics for
the selected four drifting buoys are shown in Fig. 12 (left
panel). ASCAT data have a small negative impact on the
bias and a small positive impact on the standard deviation
with forecast time.

b. Case study: 6 June 2010
On 6 June 2010 at around 2100 UTC, a low pressure
system was situated west of Ireland that moved eastward
while slowly filling. On 7 June, the low pressure system
reached Ireland around 1200 UTC. Figure 13 shows

FIG. 9. Background departure standard deviation of the HIRLAM model wind from buoy (left) zonal and (right) meridional wind
components for all buoys separately. The locations of the buoys are in Fig. 3. The statistics are based on 14 535 observations over the
complete 10-week experimental period. Black and gray bars correspond to the operational H11 and experimental X11 cycles, respectively.
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FIG. 10. As in Fig. 7, but now for pressure observations from (left) moving ships and (right)
moored buoys and ships. Black dotted lines denote the differences between the absolute bias of
the reference (H11) run and the absolute bias of the experimental ASCAT (X11) run. Positive
differences imply positive impact.

a similar positioning of the low pressure system for
both operational H11 and experimental X11, including
ASCAT, runs but with small differences in wind speed
in the region of high wind speeds south and east of the
low pressure system. The lowest values for the mean
sea level pressure are 1000 and 997 hPa for the reference and experimental runs, respectively.
The positioning of the low pressure system at analysis
time is close to the HIRLAM domain boundary. The
effect of assimilating the ASCAT winds is shown by the
difference plots of wind speed and mean sea level
pressure, depicted in the last column of Fig. 13. The low
pressure system is deepened and maintained throughout
the complete forecast range. Also, the wind speed increase close to the low pressure system is maintained.
The used ASCAT observations are located east of the
low pressure system (see Fig. 14). From the analysis increment it is clear that the maximum impact of the
ASCAT observations is obtained near the ASCAT track
but the analysis also spatially spreads the observation
information to regions outside the swath. In addition,
regions with plus signs in the increment indicate an increase in the simulated model wind through the addition
of ASCAT observations.
Model wind forecasts from the operational and experimental run were verified against radiosonde data at
Valentia (off the southwest coast of Ireland); the 3-, 6-,
and 9-h forecasts initiated at 2100 UTC 6 June 2010 and

verifying at 0000, 0600, and 1200 UTC 7 June 2010, respectively, were compared with successive radiosonde
launches at these verification times. Figure 15 shows, on
average a better match of winds from the experimental
(ASCAT) run with the radiosonde winds, in particular
for the meridional wind component.
The assimilation of ASCAT wind observations resulted in a slight deepening of the low pressure system,
as well as modestly stronger southerly winds at the Irish
coast. Unfortunately, the deepening of the low pressure

FIG. 11. HIRLAM reference model (H11) surface pressure
(hPa) error standard deviation against drifting buoys. Some of the
buoy locations are displayed in the right panel of Fig. 12.
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FIG. 12. (left) As in Fig. 10, but now for (right) the four drifting buoys and their displacement over the 10-week experimental period.

system could not be confirmed by pressure observations
because of missing moored and drifting buoys close to
the location of the low pressure system.

5. Summary, conclusions, and outlook
ASCAT ocean surface wind observations have been
proven to be beneficial for the forecast quality of the
regional HIRLAM model operational at KNMI. This
was demonstrated by comparing the operational cycle
with a parallel run over a 10-week period with additional
ASCAT wind observations consisting of the ASCAT
25-km dataset provided by KNMI within the context of
the Ocean and Sea Ice Satellite Application Facility project
(OSI SAF; http://www.osi-saf.org/). All other conditions
in the operational and parallel runs were kept constant,
including the conditions at the domain boundaries. Generally, observing system impact experiments do not take
into account the operational time constraint on the delivery of observations, which may not be a limitation for
most global models, but is an important aspect for regional models with short cutoff times. This paper studied
a clean impact experiment taking into account the operational conditions at KNMI, including the assimilation
window cutoff time and observation delivery through the
GTS. Observations arriving too late (later than the window cutoff time) were thus ignored in the analysis. It was
shown that at the time that the experiments were conducted in 2010 about half of the ASCAT observations in
the model domain could not be used due to these time
constraints. Another aspect to consider within an operational context is the monitoring of the production chain
and timeliness of the model output for customer delivery,
since adding new observations for assimilation will increase the computation time.

Despite these limitations, wind forecasts verified better
against independent (i.e., not assimilated) moored buoys
and ASCAT observations with the use of available additional ASCAT data in the analysis. The most substantial improvement was found in the first 12 h with
a 2%–3% reduction in the wind component observationminus-forecast standard deviation, which decreased to
1% after 24 h. The impact on the 24-h forecast of surface
pressure was neutral to slightly positive when compared
to ship observations and drifting buoys. A case study
showed a realistic deepening of a low pressure system in
the North Atlantic near the coast of Ireland through the
assimilation of scatterometer data that were verified with
radiosonde observations over Ireland.
The ASCAT experiment was performed without additional steps to optimize the information content of the
ASCAT observations for the HIRLAM model. The
observations were used at the highest available density
with 25-km spacing between observations. No data
thinning or error inflation was applied, which is common
practice at most NWP centers. It was found that the
ASCAT background departure standard deviation is
smaller than the specified 1.8 m s21 observation error
standard deviation, meaning that the actual observation
error is substantially smaller than specified. The conservative use of observations in the analysis is attributed
to the assumption of uncorrelated observation errors.
However, nowadays models do not resolve scales below
200 km (Vogelzang et al. 2011), meaning that the representativeness error of closely spaced (,200-km separation) observations is correlated. For this reason error
inflation is applied to observations with correlated errors to reduce their weight in the analysis.
The Hollingsworth and Lönnberg method (Hollingsworth
and Lönnberg 1986) and/or the Desroziers diagnostic
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FIG. 13. Analyses (top row) and successive forecasts (rows 2–6) of 10-m wind speed (grayscale) and mean sea level pressure (black contours) for the (left) reference (H11) run and
(middle) the experimental (X11) ASCAT run. (right) The differences (X11 2 H11) in mean sea
level pressure (contours with values) and in wind speed. The amplitude of the latter is in the
grayscale at the bottom with plus signs (1) denoting areas of increased wind speed in the X11
run. The analysis time is 2100 UTC 6 Jun 2010. Forecast are shown every 3 h up to FC 1 15 h.
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FIG. 14. (top left) The 10-m wind speed background— the circle in southwest Ireland marks
the location of the observatory on Valentia, (top right) analysis, and (middle) analysis increment, i.e., analysis minus background for the reference (H11) run with plus signs denoting
areas with a positive increment. (bottom) As in (top), but for the experimental X11 ASCAT
run. (bottom right) The ASCAT coverage and measured wind speeds.
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FIG. 15. Observation minus forecast for radiosondes launched at Valentia, marked by the circle in Fig. 14. Gray (black) curves correspond to the reference (experimental ASCAT) run. Forecasts are initiated from the 2100 UTC 6 Jun 2010 analysis. (left) The 3-h
forecast minus the 0000 UTC 7 Jun radiosonde launch. (middle) The 9-h forecast minus the 0600 UTC 7 Jun radiosonde launch. (right)
The 15-h forecast minus the 1200 UTC 7 Jun radiosonde launch.

method (Desroziers et al. 2005) may be used to separate the observation error and background error from
the background departures. In addition, the respective
error correlation length scales may be obtained. A better
characterization of observation (and model) errors will
lead to a more optimal use of observations in NWP
models. This will be an active area of research for the
coming years, thereby keeping in mind the different
focal points of global models (medium-range forecasts) and mesoscale models (nowcasting, short-range
forecasts).
Data latency is an important aspect for the operational
use of observations, in particular for regional models,
which have a more frequent cycling than global models.
At KNMI, experiments are ongoing with a rapid update
cycle of 1 h. Latency is not taken into account in standard
observing system experiments (OSEs) for observation
system impact assessment. Standard OSEs therefore tend
to overestimate the observation impact, in particular
when applied to regional models. ASCAT-B observations from the European MetOp-B satellite, which was
launched in September 2012, and expected future access to observations from Indian and Chinese scatterometers will substantially increase the coverage of
ocean surface winds, but their optimal use for regional
models will benefit from additional ground stations by
delivering the data in time. For ASCAT, and other
satellite instruments, the situation has improved substantially thanks to the EARS system. The addition of
ground stations since 2011 in the HIRLAM area for the
fast data delivery of satellite data has reduced the data

latency substantially. The current thinking is that ASCAT’s impact on the operational HIRLAM model
would be larger than has been demonstrated in this
paper.
Future research activities at KNMI are related to the
transition from the hydrostatical HIRLAM model to the
nonhydrostatic HARMONIE model. Planned assimilation efforts will focus on the HARMONIE model,
including the use of ASCAT, GPS water vapor, highresolution aircraft observations from radar tracking
(Mode-S) and radar winds, and reflectivity.
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