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ABSTRACT
This paper presents a study performed within the framework of the European Union’s (EU) VOLTAIRE
project (Fifth Framework Programme). Among other tasks, the project aimed at the integration of the
Tropical Rainfall Measuring Mission (TRMM) data with ground-based observations and at the comparison
between water fields (precipitation and total column water vapor) as estimated by multisensor observations
and predicted by NWP models. In particular, the VOLTAIRE project had as one of its main objectives the
goal of assessing the application of satellite-borne instrument measures to model verification. The island of
Cyprus was chosen as the main “test bed,” because it is one of the few European territories covered by the
passage of the TRMM Precipitation Radar (PR) and it has a dense rain gauge network and an operational
weather radar. TRMM PR provides, until now, the most reliable space-borne spatial high-resolution precipitation measurements.
Attention is focused on the attempt to define a methodology, using state-of-the-art diagnostic methods,
for a comprehensive evaluation of water fields as forecast by a limited area model (LAM). An event that
occurred on 5 March 2003, associated with a slow cyclone moving eastward over the Mediterranean Sea, is
presented as a case study.
The atmospheric water fields were forecast over the eastern Mediterranean Sea using the Bologna
Limited Area Model (BOLAM). Data from the Cyprus ground-based radar, the Cyprus rain gauge network, the Special Sensor Microwave Imager (SSM/I), and the TRMM PR were used in the comparison.
Ground-based radar and rain gauge data were merged together in order to obtain a better representation
of the rainfall event over the island. TRMM PR measurements were employed to range-adjust the groundbased radar data using a linear regression algorithm.
The observed total column water vapor has been employed to assess the forecast quality of large-scale
atmospheric patterns; such an assessment has been performed by means of the Hoffman diagnostic method
applied to the entire total column water vapor field. Subsequently, in order to quantify the spatial forecast
error at the finer BOLAM scale (0.09°), the object-oriented contiguous rain area (CRA) analysis was
chosen as a comparison method for precipitation. An assessment of the main difficulties in employing CRA
in an operational framework, especially over such a small verification domain, is also discussed in the paper.

1. Introduction
Precipitation over the Mediterranean area is of great
interest and importance for the weather, climate, me-
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teorological, and hydrological communities. Focusing
on NWP model verification, the quality of quantitative
precipitation forecasts (QPFs) is indeed considered by
several operational meteorological centers to be a general indicator of the capability of a NWP model to produce a good forecast (e.g., WWRP/WGNE Joint Working
Group on Verification 2004; Ebert et al. 2003; Mesinger
1996), because rainfall strongly depends on atmospheric
motion, moisture content, and physical processes.
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Verification studies and diagnostics of precipitation
and humidity have seldom been performed over the
Mediterranean region and in those few cases, only over
land (e.g., Accadia et al. 2005; Lagouvardos et al. 2003),
because of the sparseness of available in situ observations. Small islands or coastal locations covered by
ground-based radars are an exception, because radars
can also provide precipitation estimates over the conterminous waters. Satellite-borne instruments provide a
possible alternative, at least in terms of coverage. The
estimation process can be performed through some algorithms starting from available observations obtained
in the infrared (IR) and microwave (MW) spectral regions (Marzano et al. 2004). Satellite precipitation estimates from passive microwave data are currently validated in some research and operational meteorological
centers by means of in situ observations (ground radars
and rain gauges), assessing the existing uncertainties
(e.g., Janowiak et al. 2004; Kidd 2004; Ebert 2004;
Ebert et al. 2007).
However, this kind of satellite precipitation estimation could be less accurate than the rainfall estimates
made from ground-based instruments (Gottschalck et
al. 2005), because passively observed IR and MW radiances are only indirectly related to rainfall (Porcù et al.
2003). Moreover, IR precipitation estimates are sensitive to colder IR temperatures and can confuse cold
cloud tops for precipitation (e.g., Wylie 1979; Arkin and
Meisner 1987), whereas MW precipitation estimates
are hampered by poor temporal sampling. The precipitation radar (PR) on board the Tropical Rainfall Measuring Mission (TRMM) satellite allows, instead, an estimate of precipitation (less indirect than the ones obtained by other satellite sensors) that can be compared
with rain gauge observations (e.g., Amitai et al. 2004).
In fact, it provides, at present, the most reliable spaceborne rainfall measurements, because it was designed
to provide three-dimensional maps of storm structures
(information online at http://trmm.gsfc.nasa.gov/).
The availability of TRMM PR measurements over
the Mediterranean Sea and the island of Cyprus, in particular, was at the core of the European VOLTAIRE
project—Fifth Framework Programme (VOLTAIRE
2006). The project had as one of its main objectives the
integration of TRMM data with ground-based observations, and in particular the use of TRMM PR observations for the improvement of the precipitation analysis
fields and its use in NWP verification study. Moreover,
as discussed later, alternative observations from space,
like total column water vapor (TCWV), can be used to
perform a model evaluation over otherwise in situ datavoid regions.
The island of Cyprus, located in the eastern Mediter-
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ranean Sea (see Fig. 1), was an optimal test site for the
project’s activities. Cyprus is one of the few European
lands covered by TRMM. Moreover, this island is also
instrumented with a dense rain gauge network and a
weather radar (see Fig. 2), which also allows for measuring precipitation over the surrounding waters. The
island of Cyprus plays a role similar to that of the Kwajalein atoll in the Marshall Islands of the western tropical Pacific Ocean, which represents the TRMM oceanic
tropical ground validation site (e.g., Schumacher and
Houze 2000; Houze et al. 2004).
The VOLTAIRE project provided the opportunity
to assess the use of multisensor data and state-of-theart verification techniques by performing diagnostic
studies and comparing atmospheric water fields modeled by the Bologna Limited Area Model (BOLAM)
with the ones estimated using rain gauge, radar, and
satellite measurements. Relatively heavy rain events
over the Cyprus area were the object of several case
studies (VOLTAIRE 2006).
The aim of this work is to present the initial definition of a forecast assessment methodology developed
within the VOLTAIRE project. The focus is mainly
on the “water fields,” thus verifying the quality of
BOLAM forecasts of precipitation and humidity fields
against available observations from ground radar and
rain gauges, and from satellite-borne instruments. In
particular, a simple correction scheme is applied to Cyprus’s ground radar rainfall estimates, using also the
TRMM PR rainfall estimates. The assessment of a relatively heavy precipitation event that occurred over Cyprus on 5 March 2003 is presented as an example of the
methodology.
Because the TRMM PR overpasses the island of Cyprus once or twice in a day, a comparison with simultaneous precipitation forecasts is problematic. The
main obstacle to the use of the satellite data over short
time ranges (1 day) lies in the poor temporal sampling.
In fact, good agreement between precipitation estimated from space and in situ measurements can be
found when point measurements are spatially averaged
over the radar pixels (or over a coarser grid) and the
comparison is performed on long time scales, for instance, on a monthly scale (e.g., Barrett 1970; Ikai and
Nakamura 2003; Imaoka and Spencer 2000). Such a
comparison has been performed over the Cyprus region
by Michaelides et al. (2004) and Gabella et al. (2005).
Furthermore, the comparison between precipitation
observed by satellite sensors and forecast precipitation
is also problematic because satellite sensors give almost
instantaneous information, while forecast precipitation
is usually accumulated over a few hours or on a daily
basis.
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FIG. 1. Geographical map of the eastern Mediterranean Sea area.

The above-described difficulty does not hold for the
comparison of the TCWV. In fact, this field can be
directly compared with model outputs because it is not
the result of any accumulation in time. Comparison of
TCWV forecast fields with water vapor fields retrieved
from orbiting platforms, such as the Special Sensor Microwave Imager (SSM/I), is expected to provide some
insight into the quality of the meteorological simulations. It is evident that a correct forecast of the 2D
TCWV structure is a prerequisite for a correct prediction of space–time rainfall patterns, keeping in mind
that the link between water vapor and precipitation is
not straightforward. Moreover, TCWV is spatially
smoother than precipitation, partially reducing the requirements of the spatial comparison. Indeed, it is nontrivial to provide an accurate estimate of the precipitation fields because of its high variability in space and in
time. Such observed variability might be difficult to
forecast by meteorological models for any number of
reasons (e.g., initialization of humidity fields or the sim-

plified physics and parameterization schemes employed). So, it is not surprising that the modeled precipitation shows some differences (in space and time)
with respect to the observed rainfall. For instance, such
differences might penalize a forecast, misplacing the
position of the precipitation patterns, especially when
verifying at high spatial and temporal resolutions
(WWRP/WGNE Joint Working Group on Verification
2007), and resulting in a double-penalty effect.1 For a
case study approach, because of the small size of the
statistical sample, it could be misleading to perform
precipitation verification only by means of standard
nonparametric statistical methods (Wilks 1995).
Thus, in this study a contiguous rain area (CRA)
1
The double-penalty effect arises when an event is simulated,
but it is misplaced with respect to the original position. Thus, the
result is that the forecast is penalized twice: once for missing the
event in the correct position and once for producing a false alarm
where the event is not observed.
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FIG. 2. (a) Geographical distribution over Cyprus of the 147 rain gauges stations (black
circles), and location of the ground-based radar (white circle). The Achna and the Prodromos
rain gauges and the Kykkos weather radar are indicated with arrows. Orography is indicated
on a grayscale and the high massif visible in the figure is Troodos. (b) Localization of the two
obscured sectors in the radar (white circle) data, which are caused by the presence of the
Troodos high massif, in the southeast direction, and by the Tripylos peak in the northwest
direction. The beam occultation at 0° elevation is emphasized using light gray. A darker
grayscale is used for orography.

analysis (Ebert and McBride 2000) has been employed,
in order to provide a quantitative estimation of the
most relevant qualitative features that characterize the
difference between the forecast and observed precipitation patterns. This method was chosen for its ability
to quantify the displacement of the forecast precipitation pattern with respect to the observed one. Another
diagnostic verification method, developed by Hoffman
et al. (1995), was applied to water vapor. The matching
criterion is similar to CRA, showing the detection and
characterization of TCWV analysis errors in terms of
position errors.
The paper is organized as follows. A brief meteorological description of the event is presented in section 2.

Forecast and observed data used in the study are described in section 3. Methodologies applied in the diagnostic verification are briefly reported in section 4.
Section 5 illustrates the results of the multisensor comparison and a discussion of the results. Finally, conclusions are reported in section 6.

2. Meteorological event description
The rain event took place over the eastern Mediterranean Sea (Fig. 1) from 4 to 6 March 2003. It was
associated with a cyclonic circulation, which moved
from the western to the eastern Mediterranean Sea.
Moderate rainfall occurred over Cyprus during the
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morning of 5 March. When the cold front (see Fig. 3)
passed during the afternoon of 5 March, thunderstorms
occurred. Rainfall hit the island of Cyprus, particularly
its southern part; with an observed rain gauge maximum of about 40.0 mm in 24 h.
A description of the event as forecast by BOLAM is
given in detail as follows. A cyclonic circulation was
present over the Aegean Sea, north of Crete, at 0600
UTC 5 March (Fig. 4a). The cyclone was in its final
phase, as can be seen by comparing the 500- and 850hPa geopotential charts (Figs. 4a and 4b), which clearly
show that a westward tilt of the lows and highs with
altitude was almost absent. The pressure gradient between the eastern high pressure and the cyclone placed
near the Greek coasts caused a strong ageostrophic
wind at lower levels. Wind blew along the coastline of
the Antalya Gulf and impinged upon the western part
of the Taurus Mountains (Fig. 4c). A warm low-level
jet, within the cyclone warm sector, approached the
coast of Lycia. The flow was associated with a region of
high specific humidity values (Fig. 4d). At 1800 UTC 5
March, the low pressure center was located between
Crete and Cyprus (Figs. 5a and 5b). Two low-level jets
were present over the eastern Mediterranean Sea, embedded in the overall cyclonic circulation (Fig. 5c). In
one of these jets, wind vectors followed the coastline of
Egypt and Israel and then rotated cyclonically toward
Cyprus. The other jet, north of Cyprus, followed the
coastline of Turkey and was directed in the Gulf of
Antalya, impinging upon the Taurus Mountains. At this
stage, the southerly circulation brought moist surface
air from the northern coast of Africa toward the coasts
of Cyprus and Turkey (Fig. 5d). At 0600 UTC 6 March,
the cyclone approached Cyprus (not shown). The lowlevel jet (previously present over the Gulf of Antalya)
merged into the cyclonic circulation. The southerly flow
of this cyclonic circulation hit Cyprus. Orographically
enhanced heavy precipitation occurred on Cyprus’s
southwest side (Fig. 6), as the flow impinged upon the
Troodos high massif.

3. Forecasts and observations
a. The BOLAM model
The NWP model used in this work is the BOLAM
(Buzzi et al. 1994), which was developed at the Bologna
branch of the Istituto di Scienze dell’Atmosfera e del
Clima–Consiglio Nazionale delle Ricerche (ISAC–
CNR). For a thorough description of the BOLAM
model, its parameterization, and its main characteristics, readers may refer to Malguzzi and Tartaglione
(1999), Buzzi and Foschini (2000), and Mariani et al.
(2005).

FIG. 3. Mean sea level pressure (MSLP) analysis at (a) 0000
UTC 5 Mar and (b) 0000 UTC 6 Mar 2003 over Europe (source:
The Met Office). Cyprus and the conterminous area are indicated
with a dashed box.
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FIG. 4. Atmospheric forecast fields at 0600 UTC 5 Mar 2003: (a) 850-hPa and (b) 500-hPa geopotential height (m), (c) 10-m wind
vectors, and (d) 2-m specific humidity (10⫺4 kg kg⫺1). The areas where specific humidity is larger than 9 ⫻ 10⫺3 kg kg⫺1 are indicated
in gray.

The 0.5°-resolution, 60-hybrid level, European Centre for Medium-Range Weather Forecasts (ECMWF)
analyses were first horizontally interpolated onto the
0.27° model domain (outer domain) and then vertically

interpolated onto 40 sigma levels. The boundary conditions were provided by the 6-h ECMWF forecasts.
The 0.27° BOLAM domain covers the entire Mediterranean region, including part of the eastern Atlantic.

Unauthenticated | Downloaded 01/09/23 04:41 AM UTC

680

WEATHER AND FORECASTING

VOLUME 23

FIG. 5. As in Fig. 4 but at 1800 UTC.

For this study, outputs of the 0.27° BOLAM model are
one-way nested onto a domain covering the eastern
Mediterranean region with a grid spacing of 0.09° (inner domain). Initial conditions were provided by the
ECMWF analysis at 1200 UTC 4 March 2003. Bound-

ary conditions coming from the ECMWF 6-hourly forecasts were imposed. The low-resolution BOLAM provided the initial and boundary conditions for the 0.09°
BOLAM; the initial condition was the 0.27° BOLAM
12-h forecast at 0000 UTC 5 March 2003.
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FIG. 6. Contours (mm) of precipitation modeled by BOLAM. Precipitation is 24-h
accumulated from 0600 UTC 5 Mar to 0600 UTC 6 Mar 2003.

For the precipitation comparison, the high-resolution
precipitation forecasts were accumulated on a daily basis, from 0600 UTC 5 March to 0600 UTC 6 March
2003, according to the accumulation time of the rain
gauge network. Furthermore, the model output was interpolated from the native rotated grid onto a latitude–
longitude grid (the verification grid), with a horizontal
grid spacing of 0.09°, using the remapping procedure.2
This grid-to-grid transformation, which is operationally
employed at the National Centers for Environmental
Prediction (NCEP; Baldwin 2000), is preferable to a
simple bilinear interpolation scheme, especially when
comparing precipitation, because it conserves to a desired degree of accuracy the total forecast of the native
grid (Accadia et al. 2003b; WWRP/WGNE Joint Working Group on Verification 2004). Contours of the forecast precipitation are shown in Fig. 6.
The 0.27° TCWV model outputs (about 30 km) were
used because TCWV estimates retrieved from SSM/I
data have similar spatial resolution. A postprocessing
procedure, which sums up over the sigma levels the
specific humidity weighted with the layer thickness, has

been applied to obtain the BOLAM TCWV. A comparison was subsequently performed between the
TCWV calculated for each of the SSM/I satellite passages over the eastern Mediterranean Sea and the corresponding BOLAM TCWV (see Table 1).

b. SSM/I data
The SSM/I sensor is a passive microwave radiometer
(linearly polarized) that provides brightness temperatures at 19.35, 22.235, 37.0, and 85.5 GHz. This instrument performs a conical scan with an angle of 53.1° at
the surface and a swath of about 1400 km (Hollinger
1989). The sensor is on board the Defense Meteorological Satellite Program (DMSP) platforms, which are
in a polar sun-synchronous orbit. The SSM/I data used
in this study are freely available from the Comprehensive Large Array-data Stewardship System (CLASS) of
the National Oceanic and Atmospheric Administration

TABLE 1. The SSM/I overpasses from 0600 UTC 5 Mar to 0600
UTC 6 Mar 2003, and the associated forecasts.

Day

Time
(UTC)

Satellite

Compared forecast
time (UTC)

0621
0730
1448
1741
1851
0453
0606

F-14
F-15
F-13
F-14
F-15
F-13
F-14

0600
0700, 0800
N/A
1800
1900
0500
0600

Comments

2

Remapping is performed to transfer the forecast field from the
native grid to the verification grid as follows. First, each verification grid box is subdivided into n ⫻ n subboxes (i.e., 5 ⫻ 5 subboxes). Then, to each subgrid point is assigned the value of the
nearest native grid point. Finally, the average of these subgrid
point values produces the remapped value of the verification grid
point. Readers may refer to section 3b in Accadia et al. (2003a)
for the primary details of the procedure.

5
5
5
5
5
6
6

Mar
Mar
Mar
Mar
Mar
Mar
Mar

No good data
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(NOAA). Data from three DMSP platforms were
available (F-13, F-14, and F-15), providing extensive
and dense coverage of the Mediterranean Sea.
From SSM/I brightness temperatures, it is possible to
retrieve, among many other geophysical parameters,
TCWV and precipitation. However, the latter estimate
was not considered in the comparison, because of the
insufficient temporal sampling. As mentioned above,
the SSM/I has a vertical polarization channel at 22.235
GHz. This channel frequency is at the peak of a weak
water vapor absorption line. Over the ocean, this allows
the retrieval of TCWV. Retrievals over land are impossible because of the high and varying emissivity of land
surfaces. The TCWV mainly corresponds to lower-level
water vapor (i.e., 700 hPa and below). TCWV estimates
are computed only where precipitation is absent. The
precipitation algorithm from Ferraro and Marks (1995)
and Ferraro (1997) is used as a screening procedure.
The regression algorithm of Alishouse et al. (1990) is
used to estimate TCWV. Sohn and Smith (2003)
pointed out that TCWV algorithms might not be completely appropriate for regional studies. Biases are
likely because of a reduced representation of all possible climatological situations in the original training
set. In fact, Accadia et al. (2003a) have found (at least
over a 20-day time period) that TCWV estimates over
the Mediterranean Sea made by using the same algorithm have a bias greater than 1 kg m⫺2 when compared
against radiosondes. Thus, a computation of the bias is
performed to evaluate the relative importance of this
error in the frame of the Hoffman analysis.

c. TRMM PR data
Kummerow et al. (1998) offer a comprehensive description of the TRMM sensor packages. A complete
description of the Ku-band TRMM PR sensor can be
found in Kozu et al. (2001). TRMM PR data are attenuation-corrected radar reflectivities obtained at 13.8
GHz with the TRMM 2A25 algorithm, which produces
the best estimate of the rain profile close to the ground
level (Iguchi et al. 2000). In particular, in the present
manuscript, the authors use the radar reflectivity calculated for the lowest TRMM PR pulse volume, the socalled NearSurfZ. The TRMM PR data are not directly
involved in the verification, but they are used to rangeadjust the ground radar data (see section 3e).

d. Rain gauge data
The Cyprus rain gauge network data, available
within the framework of VOLTAIRE, were used for
comparison with the rainfall modeled by BOLAM. The
Meteorological Service of Cyprus manages this dense
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network of 147 rain gauges (Fig. 2a) located over the
western part of the island (about 5895 km2).
A gridded analysis of the observed precipitation field
was produced by means of a two-pass Barnes scheme
(Barnes 1964, 1973; Koch et al. 1983). This technique
assigns to a rain gauge observation a Gaussian weight,
which is a function of distance between the rain gauge
and grid-box center. A first pass is performed to produce a first-guess precipitation analysis, whereas the
second pass increases the amount of detail from the
previous one. For the second pass the convergence parameter is set to 0.2, while the average data spacing has
been set to 0.2°. This setting is consistent with the constraint that the ratio between the grid size and the average data spacing lies between 0.3 and 0.5, as pointed
out by Barnes (1973). To avoid the excessive rainfall
spreading, introduced by the analysis scheme on grid
points far from the actual locations of rain gauges, those
grid points that do not have any rain gauge within a
radius of 0.15° have been considered as data-void
points in the precipitation gridded analysis. The rain
gauge–based gridded analysis was accumulated over a
24-h time interval, from 0600 UTC 5 March to 0600
UTC 6 March 2003 (see Fig. 7).

e. Ground-based radar data
Within the VOLTAIRE framework, data from the
Cyprus ground-based radar (Gabella et al. 2005, section
2) were also available. This radar, named Kykkos (because it is situated near the Kykkos medieval monastery) and belonging to the Meteorological Service of
Cyprus, is situated in the northwestern, mountainous
region of the island (34.98°N, 32.73°E; 1310 m MSL;
Fig. 2a). The presence of the Troodos high massif to the
southeast and of the Tripylos peak to the northwest
produces two shadowed sections for which no data are
available (see Fig. 2b).
In this study, rainfall estimates based on original
ground-based radar data (OGRD) are obtained by using a single power law transformation. Let Z be the
Kykkos ground-based radar reflectivity (mm6 m⫺3) and
R the rainfall intensity (mm h⫺1). Then, the exponential
fit proposed in the famous paper by Marshall and
Palmer [(1948), their Eqs. (1) and (3)] was used for
deriving an empirical power law:
Z ⫽ 296R1.47.

共1兲

This empirical relationship was not so different from
the one reported by Doelling et al. (1998):
Z ⫽ 316R1.5,

共2兲
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FIG. 7. Contours (mm) of the rain gauge–based gridded analysis obtained using a two-pass
Barnes scheme. Precipitation analysis is accumulated from 0600 UTC 5 Mar to 0600 UTC 6
Mar 2003.

which was obtained using 7 yr of measurements in central Europe. Thus, for robustness of the latter relationship, Eq. (2) has been employed to obtain the OGRD
rainfall estimates. However, it should be noted that
while the exponent parameter in the above relationship
has some effect on the results, the multiplicative parameter is compensated for by the adjustment technique described below. Radar rain intensities are combined over each rainfall period to get a first guess of the
accumulated rain depth estimations.
In addition to OGRD estimates, range-adjusted values, which have been derived using the TRMM PR
radar echoes as a reference, have been used. The rangeadjustment technique attempts to compensate for the
dramatic decrease of the radar resolution with range:
the scattering volume, in fact, increases with the square
of the distance. The OGRD measurements are acquired, in the present study, at distances between 10
and 120 km. Because of this large ratio of distances, the
scattering volume changes by a factor of over 100. On
the contrary, the scattering volume of TRMM PR has
almost similar size in all the locations, because its measurements from the top originate from similar distances
(402 km at the nadir and ⬃420 km off nadir). This
advantage of TRMM PR stimulated the idea of using
TRMM radar to estimate the influence of the sampling
volume of the ground-based radar.
Gabella et al. (2006) established a range-adjustment
relationship by comparing TRMM PR precipitation estimates with those obtained by the ground radar, during

some rain events in 2002 and 2003. For both radars, the
average (in azimuth) reflectivities 具OGRD典2 and
具TRMM PR典2 in a 10-km circular ring have been computed. Because of their size, these two variables show
similar behavior, except for the previously mentioned
decrease in the sensitivity of the ground-based radar
with distance. Moreover, averaging over the large area
of the rings reduces deviations caused by rain cells of
high intensity. The ratio F ⫽ 具OGRD典2 /具TRMM PR典2
is then statistically described by using a weighted regression between log(F ) and the logarithm of the distance (km), log(D):
FdB ⫽ 10 ⫻ log共F 兲 ⫽ a0 ⫹ a1 ⫻ log
⫽ ⫺4.1 ⫺ 10.1 ⫻ log

冉 冊

D
,
40

冉 冊
D
D0

共3兲

where a0 and a1 are the regression coefficients and D0
(⫽40 km) is a coefficient for the distance normalization.
Thus, a two-coefficient scheme based on TRMM PR
was applied to OGRD in order to compensate for the
influence of sampling volume variations in groundbased radar. As a consequence, two different kinds of
ground-based radar data were used in the precipitation
verification: OGRD and the range-adjusted groundbased radar data (RGRD). Both OGRD and RGRD
were 24-h accumulated, from 0600 UTC 5 March to
0600 UTC 6 March 2003, and are available on a 0.01°
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grid. Then, after applying the remapping procedure,
they were made available on the 0.09° latitude–longitude verification grid in order to be compared with
BOLAM. Values greater than 300 mm (24 h)⫺1, derived from residual clutter, were considered as having
no data.
Radar data are useful in order to improve the rain
gauge–based gridded analysis. As indicated in the previous subsection, rain gauges were available on the
western part of the island. Thus, in order to obtain a
better observational analysis over the island and its surrounding sea, it was decided to merge the radar data
(both OGRD and RGRD) with the rain gauge data.

P⫽

冦

Two approaches were used. The first one is based on
a linear combination of the two datasets, the radar data
and the Barnes precipitation analysis, although only
over the 0.09° verification grid points where both
datasets are available, about 70 points in total (less that
20% of the considered points). If one of the two quantities is not available, the expression should instead return the other. This means that over the sea and over
the eastern part of Cyprus only the radar data are considered, whereas over the radar shadow areas in Cyprus
only the precipitation analysis is considered. Thus, the
formula applied at each grid point in order to acquire
the final observational analysis, P, is the following:

GP, if only GP is available,
RP, if only RP is available,
GP
RP
wpGP ⫹ wrRP ⫽
GP ⫹
RP,
GP ⫹ RP
GP ⫹ RP

where GP is the rain gauge precipitation obtained using
the Barnes analysis, RP is the radar precipitation estimated using either OGRD or RGRD, and the weights
wp and wr are the linear combination coefficients. Figures 8a and 8b show the 24-h final observational analyses using the two radar datasets, hereafter indicated as
POGRD and PRGRD, respectively. The relationship in
Eq. (4) has the advantage of being simple and easy to
implement. It may have the disadvantage of giving a
higher weight to the instruments that measure more
precipitation. However, in this case a higher weight was
given to the Barnes precipitation analysis over almost
all of the 70 points, coherently with the fact that rain
gauge data, where available, provide better quantitative
rainfall information, even if related to single point measurements and limited in space. This is supported by the
fact that the correlation between the Barnes rain gauge
analysis and the rain gauge–radar composite is stronger
than the one obtained between the Barnes rain gauge
analysis and the radar field alone. Namely, the correlation between the Barnes analysis and RGRD is equal to
0.36, whereas the correlation between the Barnes analysis
and the PRGRD composite is indeed equal to 0.84.
The second approach employs the multisensor combination tool known as RainMusic (Todini 2001;
Mazzetti 2004, 2006). This software tool has been developed by the University of Bologna within the framework of the European Union (EU) funded MultiSensor Precipitation Measurements Integration, Calibration and Flood Forecasting (MUSIC) project
(information online at http://www.geomin.unibo.it/
hydro/Music/index2.htm). The project aims to provide

VOLUME 23

共4兲
if both RP and GP are available,

reliable observational analysis by combining precipitation estimated by rain gauges, weather radars, and satellites using innovative algorithms based on blockkriging (e.g., Cressie 1993) and Bayesian combination
by means of a Kalman filter (Kalman 1960). For this
work, only rain gauges and ground-based radar data,
both OGRD and RGRD, have been considered, because the satellite data were not available on a 24-h
basis. The RainMusic merging was performed as follows. First, a block-kriging rain gauge analysis (referred
to as BK) was produced over a 0.01° rectangular subdomain of the verification area, which matches the contours of the island of Cyprus. This was done to avoid
introducing spurious block-kriging values over the
points far away from rain gauges. Then, the Bayesian
combination was performed only over the subdomain
points where both BK and radar data were available.
For the points outside the 0.01° subdomain, only radar
data were considered. Finally, the two observational
fields obtained using both OGRD and RGRD were
remapped over the 0.09° verification grid. Contours of
these two gridded fields, referred to as RMOGRD and
RMRGRD, are shown in Figs. 9a and 9b, respectively.

4. Methodologies
State-of-the-art diagnostic methods were chosen for
their ability to quantify and qualify the forecast error
precisely. They give quantitative support to the standard “eyeball” verification of model forecasts against
observed atmospheric water fields. Checking the coherence of the modeled and observed TCWV fields, an

Unauthenticated | Downloaded 01/09/23 04:41 AM UTC

AUGUST 2008

685

MARIANI ET AL.

FIG. 8. Contours (mm) of the radar–rain gauge composite using (a) OGRD and (b)
RGRD. Precipitation is 24-h accumulated from 0600 UTC 5 Mar to 0600 UTC 6 Mar 2003.

objective measure of the agreement between the model
and observations is provided over almost the whole
simulation domain, at horizontal scales of the order of
hundreds of kilometers. Diagnostics of the forecast precipitation are performed here at smaller scales, around
and below 100 km.

a. TCWV comparison
The method presented by Hoffman et al. (1995),
which provides a quantitative measure of the pattern
matching between two gridded fields, is quite similar to
CRA (see below) and is based on rmse minimization.
The main difference is that the entire forecast field is

shifted in latitude and longitude, while searching for an
rmse minimum. This method allows for decomposition
of the forecast error into three components: displacement, amplitude, and residual error. Because distortion
error is not considered (see Hoffman et al. 1995), the
residual error can be interpreted as a pattern error. The
TCWV rmse between the model forecast and the SSM/I
analysis was computed for a set of small displacements,
looking for the displacement associated with the lowest
rmse.
In the current setting, the TCWV BOLAM forecasts
were shifted (w.r.t. the SSM/I TCWV) from ⫺2.7° to
2.7° in both latitude and longitude. To achieve a rea-
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FIG. 9. As in Fig. 8 but for the radar–rain gauge composite obtained using the RainMusic
software.

sonable pattern match between the BOLAM TCWV
and that observed, a quality control test is performed by
verifying that a minimum correlation is exceeded for
each displacement (or shift) in the x and y directions.
This value, defined as the minimum correlation statistically different from zero at the 95% confidence level,
depends on the effective number of independent comparing samples, which is a function of the number of
grid points where the analysis is performed, and the
autocorrelation of both the observed and forecast fields
(Xie and Arkin 1995). Thus, the F test (Panofsky and
Brier 1958) is chosen for assessing whether the shifts in
the x and y directions are statistically significant.

b. Precipitation comparison using the CRA analysis
The object-oriented CRA analysis is based on pattern matching of two contiguous areas defined as the
observed and forecast precipitation areas (or entities)
delimited by a predetermined isohyet: the CRA rainrate contour. For our case study, because the event’s
magnitude (although intense for Cyprus) did not reach
particularly high levels, it was decided to consider two
rain-rate contours, one set to 0.5 mm (24 h)⫺1 and the
other one set to 5.0 mm (24 h)⫺1.
The pattern matching is obtained by translating in
the x and y directions the forecast rainfall features over
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the observed ones, until a best-fit criterion is satisfied.
Two criteria were used for quantifying the spatial forecast error: the minimization of the mean square error
(MSE) and the maximization of the correlation (COR).
In general, over a large CRA domain the two criteria
produce the same results (Ebert and McBride 2000),
whereas over too small a domain, such as Cyprus, the
results may be different (Tartaglione et al. 2005). Moreover, the use of the MSE criterion in a limited spatial
domain may lead to suspicious results, because the
minimization may be obtained by shifting the forecast
field (and/or the forecast maxima) out of the domain
(Grams et al. 2006).
The analysis was applied considering three shifting
values (sv): 5, 9, and 13; that is, the forecast field was
shifted from ⫺sv ⫻ 0.09° to sv ⫻ 0.09°, both in latitude
and in longitude. It should be noted that, over a relatively small verification area, larger shift values might
produce incorrect pattern matching, because of the possible presence of many precipitation patterns.
Ebert and McBride (2000, section 2.3) proposed a
decomposition of the displacement forecast error into
three components: displacement, pattern, and volume
errors. Such decomposition may not be suitable when
the correlation criterion is applied, because the best
pattern match may be associated with incorrectly negative displacement error. Thus, the alternative decomposition proposed by Grams et al. (2006, section 2e) is
applied when the correlation maximization is used.
Also, for this method, a quality check of the shift in
the x and y directions (obtained by using both MSE and
COR as pattern-matching criterion) was performed using the aforementioned F test at the 95% confidence
level. Only statistically significant displacements were
considered for the study.

5. Multisensor and modeling comparison
a. TCWV comparison results
First, the TCWV verification results were analyzed.
For the Hoffman verification, the 0.27° BOLAM
TCWV forecasts were verified against TCWV retrieved
from the various SSM/I observations. Available overpasses over the eastern Mediterranean Sea from 0600
UTC 5 March to 0600 UTC 6 March 2003 are listed in
Table 1, together with the associated forecasts, within a
time window of 0.5 h. Only overpasses with valid retrievals (with no corruption of brightness temperature
fields, no rain contamination, and only over sea) are
considered. Observations were mainly available at
about dawn and/or dusk times (see Table 1).
The TCWV comparison is graphically presented in
Fig. 10, while Fig. 11 shows the rmse and correlation
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spatial variation plots. A quantitative overview is provided in Table 2. As a reference, positive (negative)
values in x and y directions indicate that forecasts
should be displaced eastward (westward) and northward (southward) w.r.t. the original position in order to
achieve a best fit with observations. The results show a
marked difference between the situation on the morning of 5 March and the rest of the time period considered. From 0600 to 0800 UTC 5 March the comparison
evidences a systematic reduction in the rmse, and the
correlation of the shifted fields is above 0.85 (see Table
2), indicating that the original 0.27° BOLAM forecasts
are shifted slightly southwestward with respect to the
SSM/I-retrieved fields. Specifically, the shifts seem to
be mainly due to a small forecast displacement error in
the BOLAM model, because the comparison between
TCWV retrieved by SSM/I and that estimated by the
ECMWF analysis did not show such a significant shift
(not shown). This difference might be explained by
considering the smoothness of the ECMWF analysis
(and, consequently, the smoothness of the SSM/I
TCWV field averaged over a 0.5° grid) with respect to
the comparison of BOLAM TCWV forecasts on a finer
grid. These results indicate good agreement between
modeled and observed TCWV fields in this time range;
thus, the large-scale dynamical representation of the
cyclonic system can be considered to be satisfactory on
the morning of 5 March. However, the results obtained
for the remaining overpasses show a rather different
picture. All overpasses but one (at 0600 UTC 6 March)
indicate a relatively large westward shift. It is interesting to note that now the observed TCWV fields are
“flatter” than in the morning of 5 March, as reflected by
the generally lower correlation values (see Figs. 10 and
11 and Table 2).
It is noticeable from Figs. 10j and 10p that during
the evening of 5 March and on the following morning
BOLAM predicts a much drier region at the western
rim of the considered area compared with the observations. The forecast TCWV fields are eastward compared with the observations; thus, a westward shift is
found. This can be interpreted as a sign of a faster
forecast of eastward movement as time proceeds. This
is true when considering almost all of the extent in
longitude. As shown in Table 3, the biases are larger at
0500 UTC 6 March, when observations on the westernmost edge are available. On the other hand, the bias is
quite small when considering the following hour, when
only observations around Cyprus are available. However, the BOLAM model seems to fail in forecasting
TCWV features similar to the observations (see Fig.
10), despite the relative intensity of the event under
study. The error decomposition in terms of amplitude,
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FIG. 10. TCWV verification result over the eastern Mediterranean Sea from 0600 UTC 5 Mar to 0600 UTC 6 Mar 2003. (left) The
0.27° (HR) BOLAM forecasts, (center) the forecast fields shifted as result of the Hoffman object-oriented method, and (right) the
SSM/I TCWV fields. Data are masked over the area where the SSM/I-retrieved TCWV is available: (a)–(c) 0600 UCT 5 Mar, (d)–(f)
0700 UTC 5 Mar, (g)–(i) 0800 UTC 5 Mar, (j)–(l) 1800 UTC 5 Mar, (m)–(o) 1900 UTC 5 Mar, (p)–(r) 0500 UTC 6 Mar, and (s)–(u)
0600 UTC 6 Mar.
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FIG. 10. (Continued)

displacement, and pattern errors (Table 3) indicates
that the pattern error together with the displacement
error explain a large amount of the total error, while
the volume error (bias after displacement) is quite
small. For the last instant considered (0600 UTC 6
March), the pattern error is indeed the most relevant
error component.

b. Rainfall comparison results
The precipitation verification is performed at the
BOLAM’s finer scale (about 10 km) and over a domain
limited to Cyprus and its surrounding waters using
the CRA analysis. Precipitation fields are accumulated

over a 24-h time period. As described before, four
precipitation analyses were used when verifying the
BOLAM forecast (Figs. 8 and 9). Differences among
these fields are due to the application of the rangeadjustment technique based on TRMM PR data
(POGRD versus PRGRD; RMOGRD versus RMRGRD) and
due to the different merging method used (POGRD versus RMOGRD; PRGRD versus RMRGRD). The latter difference can be quantified in a root-mean-square difference of about 9 mm (24 h)⫺1 for POGRD versus
RM OGRD and 15 mm (24 h) ⫺1 for P RGRD versus
RMRGRD, and a correlation of about 0.6 for both comparisons. By visually comparing each of the four pre-
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FIG. 11. The 2D shift analysis, minimizing rmse, between SSM/I TCWV estimates and the
BOLAM forecast from 0600 UTC 5 Mar to 0600 UTC 6 Mar 2003: (left) rmse and (right) the
correlation. The best shift is plotted with a cross symbol with the displacement values in the
longitudinal (E) and latitudinal (N) directions. Solid lines indicate statistically significant
shifts, whereas dashed lines indicate statistically nonsignificant shifts: (a), (b) 0600 UCT 5
Mar; (c), (d) 0700 UTC 5 Mar; (e), (f) 0800 UTC 5 Mar; (g), (h) 1800 UTC 5 Mar; (i), (j) 1900
UTC 5 Mar; (k), (l) 0500 UTC 6 Mar; and (m), (n) 0600 UTC 6 Mar.
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FIG. 11. (Continued)

cipitation analyses (Figs. 8 and 9) with the BOLAM
forecast (Fig. 6), it is evident that the precipitation
forecast needs, in any case, to be shifted eastward and/
or northeastward to obtain a better spatial match with
the observations. This is particularly true over Cyprus,
where the rain area to the southwest and the no-rain
area to the northwest are better spatially matched by
shifting the precipitation forecasts. The visual inspection is not so helpful over the sea, because the observed
peaks, probably due to convective activity (confirmed
by lightning observations; not shown), were not correctly forecast by the 0.09° hydrostatic BOLAM.
The CRA is then applied to quantify and qualify (in
terms of error sources) such perceived displacement

forecast errors. Moreover, the results can be used to
assess the reliability improvement given by using radar
data in the observational gridded field.
In a previous study by Tartaglione et al. (2005), problems concerning the CRA application to this event
were discussed. In that work, rain gauge observations
alone were used for comparison with BOLAM. Results
showed that the verification domain (corresponding to
the grid points where the Barnes rain gauge analysis
was available) was too small for an automated unsupervised application of the CRA technique (E. Ebert 2005,
personal communication), suggesting that some care
has to be taken when evaluating the CRA results over
small areas in order to distinguish reliable results from
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TABLE 2. Comparison results of the SSM/I TCWV fields against both the original nonshifted BOLAM forecasts and the shifted (as
a result of the Hoffman method) BOLAM forecasts in term of continuous verification statistics. The best shift reported is obtained by
minimizing the rmse and considering the significance test (sig. test) constraint. For each comparison, the number of comparing grid
points, the rmse value, its value w.r.t. the TCWV mean field (relative rmse), the Pearson correlation coefficient (corr.), and its
confidence interval are indicated. The correlation confidence interval is calculated using the technique proposed by Fisher (1925).
(East, north) shift
using rmse and sig.
test constraint

Date
0600 UTC 5 Mar

(1.08°, 0.27°)

0700 UTC 5 Mar

(0.81°, 0.27°)

0800 UTC 5 Mar

(0.54°, 0.27°)

1800 UTC 5 Mar

(⫺0.81°, 0.27°)

1900 UTC 5 Mar

(⫺1.62°, 0.81°)

0500 UTC 6 Mar

(⫺1.62°, 0.27°)

0600 UTC 6 Mar

(0.00°, ⫺0.27°)

Model
TCWV field

No. of comparing
grid points

Rmse
(kg m⫺2)

Relative
rmse (%)

Corr.

Corr. confidence
interval

Original
Shifted
Original
Shifted
Original
Shifted
Original
Shifted
Original
Shifted
Original
Shifted
Original
Shifted

475
463
303
303
303
303
547
532
453
415
542
499
363
363

2.01
1.51
1.95
1.43
1.73
1.42
1.82
1.72
1.85
1.75
2.72
1.82
1.59
1.58

11.44
8.74
10.85
8.08
9.68
8.02
11.58
10.77
11.52
10.97
18.20
11.86
10.05
9.97

0.72
0.86
0.70
0.88
0.77
0.87
0.47
0.39
0.04
⫺0.13
0.54
0.38
0.19
0.23

[0.68, 0.76]
[0.84, 0.88]
[0.65, 0.75]
[0.85, 0.90]
[0.73, 0.81]
[0.84, 0.89]
[0.41, 0.53]
[0.33, 0.45]
[⫺0.03, 0.12]
[⫺0.20, ⫺0.05]
[0.49, 0.59]
[0.32, 0.44]
[0.11, 0.27]
[0.14, 0.31]

suspicious, unphysical ones. Over a small area, there is
in fact the possibility of not completely enclosing the
observed entity of interest to be compared with the
modeled entity. As summarized in Table 4, the results
of the comparison between the Barnes rain gauge–
based observational analysis (GP) and the forecast precipitation using MSE (hereafter GP MSE) are strongly
dependent on the maximum allowed shift (GP MSE 5/9
steps versus GP MSE 13 steps). These results are also
very different from the results obtained by using correlation matching (hereafter GP CORR), which does
not change as a function of the shifting value and which
seems more physically reliable (see discussion on visual
verification above). Volume and pattern errors play a
major role in this case.
Let us now focus on the CRA results obtained by
combining the ground-based radar and the rain gauge
gridded analysis using both Eq. (4) and the RainMusic
tool. A CRA rain-rate contour equal to 0.5 mm (24 h)⫺1

is first used to isolate the forecast patterns and the observed precipitation. Results obtained by using both
POGRD and RMOGRD (observational composite based
on the nonadjusted radar data) become more and more
different when changing the CRA criterion and the
maximum shifting value sv. In addition, when using the
MSE criterion, the results seem to be less physically
reliable than the ones achieved by the correlation criterion, because the modeled rainfall is shifted too far
w.r.t. the observations. This is corroborated by the visual verification performed by comparing the gaugenonadjusted radar composite POGRD and RMOGRD
(Figs. 8a and 9a) against both the original nonshifted
(Fig. 6) and the shifted forecast fields obtained by using
the MSE criterion (Figs. 12a and 12c) and by using the
correlation criterion (Figs. 13a and 13c). When using
PRGRD and RMRGRD (Figs. 8b and 9b), reliable pattern
matching is obtained (except for the RMRGRD CORR
13 case; see Table 4), indicating that the forecast field

TABLE 3. TCWV bias for nonshifted fields, bias after the shift, and percentage error decomposition for the instants considered.

Date
0600
0700
0800
1800
1900
0500
0600

UTC
UTC
UTC
UTC
UTC
UTC
UTC

5
5
5
5
5
6
6

Mar
Mar
Mar
Mar
Mar
Mar
Mar

Bias
(SSM/I ⫺ model;
kg m⫺2)

Bias after shift
(SSM/I ⫺ model;
kg m⫺2)

Volume
error (%)

Displacement
error (%)

Pattern
error (%)

⫺0.929
⫺0.820
⫺0.552
0.561
0.547
1.225
0.120

⫺0.449
⫺0.299
⫺0.181
0.157
0.395
0.322
0.154

5.00
2.34
1.09
0.74
4.57
1.40
0.93

43.23
46.16
32.76
11.28
7.92
54.92
1.81

51.77
51.50
66.15
87.98
87.52
43.68
97.25
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230.41

502

RMOGRD

313.4

273.87

454

PRGRD

514

248.40

446

POGRD

RMRGRD

84.28

73

MSE
(mm2)

GP

Obs type

No. of
comparing
grid points

0.27

0.18

0.36

0.28

0.51

Corr.
MSE 5/9
MSE 13
CORR
MSE 5
MSE 9
MSE 13
CORR
MSE
CORR
MSE 5
MSE 9
MSE 13
CORR 5
CORR 9/13
MSE
CORR 5/9
CORR 13

⫺3.92

⫺2.12

⫺9.09

⫺2.45

⫺10.75

CRA
criterion

Bias
(obs ⫺ model; mm)
(0.09°, ⫺0.09°)
(1.17°, 0.54°)
(0.27°, 0.09°)
(0.45°, 0.45°)
(0.72°, 0.81°)
(1.17°, 1.17°)
(0.45°, 0.09°)
(0.27°, 0.09°)
(0.27°, 0.00°)
(0.45°, 0.45°)
(0.54°, 0.72°)
(0.45°, 1.17°)
(0.45°, 0.00°)
(0.54°, 0.09°)
(0.36°, 0.00°)
(0.36°, 0.00°)
(ⴑ0.81, 0.99)

(E, N) shift
using MSE or
corr. and sig.
test constraint
65.24
33.63
78.15
168.98
152.49
101.43
215.42
252.10
253.10
154.63
138.21
105.14
222.30
193.01
264.10
264.10
379.6

Shifted
MSE
(mm2)
0.52
0.62
0.69
0.23
0.14
0.21
0.42
0.41
0.43
0.18
0.19
0.15
0.39
0.41
0.43
0.43
0.44

Shifted
corr.

⫺0.65
ⴑ0.70
⫺6.78
⫺6.95
ⴑ4.58
ⴑ1.33
⫺10.86
⫺2.34
⫺3.39
⫺5.54
ⴑ3.77
0.66
⫺11.08
⫺10.06
⫺3.74
⫺3.74
10.62

Shifted bias
(obs ⫺ model; mm)

22.60
60.10
7.30
31.97
38.61
59.17
10.18
7.93
9.13
32.89
40.01
54.37
16.50
17.52
15.73
17.69
19.21

MSE
displacement
(%)

0.50
0.58
54.34
19.43
8.44
0.70
46.49
1.99
2.18
13.30
6.17
0.19
35.82
35.82
4.45
1.43
1.43

MSE
volume
(%)

76.90
39.32
38.36
48.60
52.95
40.13
43.33
90.08
88.69
53.81
53.82
45.44
47.68
46.66
79.81
80.87
79.36

MSE
pattern
(%)

TABLE 4. CRA verification for 24-h rainfall from 0600 UTC 5 Mar to 0600 UTC 6 Mar 2003, with a CRA rain-rate contour equal to 0.5 mm (24 h)⫺1. The observational type column
(obs type) indicates the type of precipitation field used in the comparison. Results that change as a function of the selected shifting value (sv ⫽ 5, 9, or 13) are coherently indicated.
MSE decomposition is applied according to the pattern-matching criterion used (see section 4b). For completeness, the CRA results obtained using the Barnes rain gauge analysis
alone (GP; Tartaglione et al. 2005) have been reported as well. Suspicious displacements are indicated in boldface.
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FIG. 12. Contours (mm) of the forecast precipitation shifted w.r.t. (a) POGRD, (b) PRGRD, (c) RMOGRD, and (d) RMRGRD using MSE
as the CRA pattern-matching criterion and sv equal to 9. Precipitation is 24-h accumulated from 0600 UTC 5 Mar to 0600 UTC 6 Mar
2003.

should be moved eastward and/or northeastward (0.27°N,
0°–0.09°E for PRGRD and 0.36°N, 0° for RMRGRD) to
obtain the best match with the observations (Figs. 12b,
12d, 13b, and 13d). The pattern error provides the largest contribution to the forecast error (between 80% and
90%). These results, which are not so sensitive to the
chosen criterion (Table 4), are in line with the GP
CORR displacement, apart for the magnitude of the
forecast error components.
As previously reported, some of the results are considered to be suspicious (see values in boldface in Table
4), because they tend to shift the forecast field, and in
particular the higher rain values present in the forecast,
out of the verification domain. Such a statement is confirmed by checking the bias error (see Table 4). These
suspicious results are more evident when using a precipitation threshold equal to 5.0 mm (24 h)⫺1, making
the CRA analysis difficult to interpret (see Table 5).
Two examples can help to clear up the situation: the
CRA 2D shift analysis, maximizing correlation, between the BOLAM forecast field and both PRGRD (Fig.
14a) and RMRGRD (Fig. 14b). By plotting the maximum
correlation coefficients found during CRA over these

analyses, it is evident that the “suspicious” final shift in
the top-left corner is a localized isolated maximum,
whereas the relative second maximum in the middleright part of the panels (0°, 0.27°E for PRGRD and 0°,
0.36°E for RMRGRD) is a more robust result. A more
complex matching procedure, based on the correlation
maximization conditioned to the MSE minimization, is
able to automatically select the secondary maximum.
Finally, it is worth noting that when ground-based
radar data are included in the precipitation analysis, the
correlation is lower than the precipitation analysis
based only on rain gauges. The MSE is, instead, always
higher, reaching the maximum values for RMRGRD
(Tables 4 and 5). A lower correlation coefficient may
be explained by the fact that radar data introduce into
the observational analysis a spatial structure that is
present in neither the forecast field nor the gauge
analysis. An increase of the number of outlying data
points may also contribute to this situation. The increase of the MSE, with respect to GP data, shows that
forecast precipitation, in particular over the sea, is overall overestimated (see original bias values in Tables 4
and 5).
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FIG. 13. As in Fig. 12 but using the correlation as the CRA pattern-matching criterion.

c. Comparison discussion
Results of the TCWV verification for the morning of
5 March and the CRA precipitation verification indicate a consistent eastward and/or northeastward shift
(even if associated with different displacement values).
Such agreement is not present when considering the
TCWV verification for the other SSM/I overpasses.
TCWV verification is focused on relatively large-scale

fields, while the precipitation verification is performed
on a small-scale basis. Moreover, satellite humidity
fields have generally smoother gradients than do the
rainfall patterns, so the precipitation verification is
more demanding in terms of the spatial variability.
Space–time moisture localization gives at least a constraint on the precipitation occurrence, although the
link between TCWV and rainfall patterns is not
straightforward, because many physical processes act to

TABLE 5. As in Table 4 but with a CRA rain-rate contour equal to 5.0 mm (24 h)⫺1 and only for an sv equal to 9.

No. of
comparing MSE
Bias
CRA
Obs. type grid points (mm2) Corr. (mm) criterion
POGRD

230

217.99

0.18

PRGRD

343

279.51

0.35

RMOGRD

278

197.10

0.15

RMRGRD

365

319

0.26

⫺7.90 MSE 9
CORR
⫺0.42 MSE 9
CORR
⫺6.94 MSE 9
CORR
⫺0.70 MSE 9
CORR

(E, N) shift
using MSE
or corr. and
sig. test
constraint

(0.63°, 0.18°)
9 (0.45°, 0.09°)
(0.27°, 0.00°)
9 (ⴑ0.72°, 0.81°)
(ⴑ0.63°, 0.81°)
9 (ⴑ0.63°, 0.81°)
(0.09°, 0.00°)
9 (ⴑ0.63°, 0.81°)

Shifted
Shifted
MSE
MSE
MSE
MSE Shifted
bias
displacement volume pattern
(mm2)
corr.
(mm)
(%)
(%)
(%)
171.57
184.19
263.80
365.53
133.39
133.39
287.66
407.54

0.28
0.34
0.41
0.43
0.35
0.35
0.35
0.46

⫺6.96
⫺8.03
⫺1.24
6.93
⫺5.48
⫺5.48
⫺1.30
6.76

21.30
13.46
5.62
9.74
32.32
17.56
10.07
20.36

22.23
28.52
0.55
0.06
15.26
24.37
0.53
0.15

56.47
58.02
98.83
90.20
52.42
58.07
89.40
79.49
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FIG. 14. The 2D shift analysis, maximizing correlation, of CRA between the 0.09° BOLAM precipitation forecast and the rain
gauge–radar composite (a) PRGRD and (b) RMRGRD using an isohyet equal to 5.0 mm (24 h)⫺1. Maximum values found during CRA
are indicated with a cross symbol. The grayscale, from lighter to darker, indicates the progressive order in which these values are found.
The suspicious final shift (top-left corner) is indicated with a black square and the displacement values in the longitudinal (E) and
latitudinal (N) directions. The more reliable shift is indicated instead with a black circle. Solid lines indicate statistically significant shifts,
whereas dashed lines indicate statistically nonsignificant shifts.
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FIG. 15. Comparison during the event between hourly precipitation observed (dashed line,
with square symbols) at the (a) Prodromos and (b) Achna stations and the forecast at the
nearest BOLAM grid point (solid line, with diamond symbols).

mediate this relationship. For instance, when orographic precipitation occurs, as in our case (see section
2), the orography pattern is much more effective than
the moisture distribution in determining the rainfall location. At any rate, spatial- and temporal-scale nonhomogeneities must be taken into account to explain the
verification results’ discrepancies. SSM/I data refer to
almost instantaneous values, whereas precipitation is
accumulated over 24 h. Hence, its verification is less
demanding in terms of the temporal variability.
Focusing our attention on the northeastward rainfall
displacement, this can be interpreted as a delay in the
passage of the forecast moist air band over Cyprus, as
shown by the TCWV verification during the early
phases of the event (morning of 5 March). This can be
tentatively checked by including in the event analysis
the temporal evolution of the rain rate over two gauge

stations3 (Prodromos and Achna; see Fig. 2a) and the
nearest grid points (Fig. 15). A few-hours temporal lag
between the observed and modeled rain is actually
present in the comparison: the modeled rain precipitated later with respect to the observed result. Note that
this lag is short enough to be fully masked by the 24-h
accumulation of precipitation.
By comparing the BOLAM pressure and wind fields
with the ECMWF analyses (not shown), good agreement is found for the cyclone size and position, but

3

Available data from most of the Cyprus rain gauge stations
are accumulated on a 24-h basis. Cumulative daily precipitation
amounts are indeed read daily at 0600 UTC by professional or
trained part-time staff of the Meteorological Service of Cyprus.
Only six rain gauge stations provide shorter-time accumulated
rainfall values.
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notable differences are present in the evolution of the
inner structures as testified to by the TCWV comparison. For instance, the closed cyclonic wind path visible
west of Cyprus in Fig. 5c is absent in the analysis (not
shown). Such a difference might be explained by considering that the ECMWF analysis is based, over the
Mediterranean Sea, on sparse data and that highresolution models (like BOLAM) have instead the tendency to enhance the mesoscale variability (Casaioli et
al. 2006). Nevertheless, the above feature is more likely
connected to the sharp pressure minimum visible at 850
hPa (Fig. 5a), which, in the BOLAM simulation, moves
eastward faster than does the entire cyclone, as is also
suggested by the TCWV verification in the later stage
of the event (see section 5a).

6. Conclusions
In this paper, a multisensor comparison methodology
based on diagnostic techniques is proposed in order to
evaluate the performance of a LAM water fields’ forecasts. A precipitation event occurred on 5 March 2003
over the eastern Mediterranean and was used as an
exemplificative case study. In particular, the forecast
quality has been assessed by estimating the spatial displacement of the water forecast fields w.r.t. the available observations. Several different instruments
(ground and satellite based) have been used in order to
estimate the rainfall over and around the island of Cyprus, and the water vapor over the eastern Mediterranean Sea. The approach was motivated by the fact that
verification is often performed with knowledge of the
precipitation over limited areas (mainly land areas),
while satellite observations have a larger spatial coverage (which is an advantage over extensive water areas)
and can be used to recalibrate ground-based observations. Moreover, satellite-based instruments are major
contributors to our knowledge of other atmospheric
variables, such as total column water vapor. However,
the available SSM/I observations have limited temporal
sampling. This limit can be overcome by using water
vapor information from geostationary platforms like
Meteosat second-generation satellites, with 6.2- and
7.3-m channels [or the equivalent Geostationary Operational Environmental Satellite (GOES) platforms]
for verification purposes.
As shown in the previous section, water fields can be
shifted in directions that are not the same as those of
the baric fields and this can make the evaluation of the
shift errors of models particularly problematic. A better
temporal sampling could help to better pin down these
discrepancies.
As to the precipitation comparison, when observa-
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tional analysis is limited within a small domain, the
results of the CRA analysis may strongly depend on the
maximum shifting value allowed. Merging groundbased radar data with the observational analysis extends the area covered by observations and stabilizes
the results, in the sense that the best CRA matching
result is not influenced by the choice of the maximum
shift (sv). Adding further observations, the stability of
the CRA verification can be improved. This is not surprising because the observational coverage extension
helps to enclose completely the observed entity to be
compared with the forecast entity. Nevertheless, suspicious unphysical results (see in particular Table 5) may
be obtained if the CRA method is applied in an automatic, unsupervised way. However, such suspicious displacements may be detected by performing quality
check tests, and in some case corrected (see Fig. 14) by
applying a double criterion based on both correlation
and MSE. Future studies are envisaged in this direction,
in particular on the application of the CRA method to
a small domain. For instance, the implementation of
such a conditioned criterion in an automated verification is currently under investigation. Some of the authors are also studying the possibility of using a skill
score measure for pattern matching, and eventually for
analyzing the relationship between the CRA 2D shift
region in which the correlation (MSE) is greater (less)
than the original correlation (MSE) value and the CRA
results obtained using the correlation (MSE) criterion.
This study also investigated the pros and cons of the
usage of state-of-the-art object-oriented methods, such
as CRA, for the comparison of modeled rainfall fields
with multisensor observations. For instance, it is evident from results both presented here and in Tartaglione et al. (2005) and Grams et al. (2006) that a supervised use of the CRA analysis is strongly recommended
in order to distinguish reliable results from the unreliable, suspicious ones. Moreover, Ebert and McBride
(2000) suggest that when these methods are used on a
series of case studies (or equivalently a long time series), it is also possible to diagnose systematic spatial
forecast errors, an operation that is currently performed only by a few meteorological services.
For the selected event, results can dramatically
change when the correlation maximization is employed
as a pattern-matching criterion, instead of the MSE
minimization (see, e.g., the GP, PORGD, and RMORGRD
results in Table 4). Moreover, some of the results, obtained using both the MSE and correlation criteria,
seem to not be physically reliable. Unfortunately, it is
not possible to give an a priori estimate of the impact of
the observational errors on the CRA results, because it
is not straightforward to determine, a priori, the obser-
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vational field that gives the best estimate of the
“ground truth” precipitation field. The uncertainty of
the precipitation analysis can be very high. On one
hand, rain gauges give a point measurement that needs
to be spatially interpolated (e.g., using the Barnes
analysis or block-kriging) in order to have a gridded
precipitation field (but limited to land areas). On the
other hand, radar gives a spatially retrieved measure of
precipitation (in this case also over conterminous sea
areas) that needs to be corrected because of its viewing
geometry, for instance by using the TRMM PR range
adjustment, in order to compensate for the decreased
spatial resolution with range.
Bearing in mind these limitations, it was decided to
consider the PRGRD and the RMRGRD gridded fields as
the most reliable precipitation fields. In fact, the CRA
results obtained by using MSE and CORR, both for
thresholds of 0.5 and 5.0 mm (24 h)⫺1 (after considering
the correction of the suspicious results), are in general
similar to each other, with a difference of one or two
grid points for the displacement in the latitudinal and
longitudinal directions.
The northeastward shift has also been obtained as a
result of the Hoffman TCWV verification, performed
over the eastern Mediterranean Sea, for the first three
SSM/I overpasses. This seems to indicate for the
present case study a common shift of the BOLAM forecast water fields during the first 12 h. The discrepancy
observed in the following overpasses seems to indicate
that after an initial coherence between TCWV and the
precipitation fields, the quality of the forecast seems to
decrease in the next 12 h, as evidenced by the TCWV
observations and suggested from the hourly precipitation comparison shown in Fig. 15. Thus, a relatively
good precipitation forecast assessed on a 24-h basis
could be the result of a forecast still affected by displacement, pattern, and volume errors.
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