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ABSTRACT: Assimilation of data from the Special Sensor Microwave/Imager (SSM/I) is performed in order to improve
the forecast of a heavy-precipitation case (IOP2b, 20–21 September 1999) of the Mesoscale Alpine Programme 1999.
The three-dimensional variational data assimilation technique of the MM5 model is used. Either brightness temperatures
or precipitable water and surface wind speed are assimilated. The sensitivity of the model to SSM/I data is also tested
by selectively excluding SSM/I frequencies and changing the size of the thinning box. All the experiments are performed
using the European Center for Medium range Weather Forecasting (ECMWF) analysis on pressure level.

The new initial conditions show considerable underestimation of the surface wind component V , and, even more, of
the surface water vapour mixing ratio. This last error is partially corrected by assimilation of precipitable water alone,
although these data produce a large increase in the mean error of the other surface variables (U , V and T ). However,
the forecast with this new set of initial conditions shows a good agreement (high correlation coefficient) with the rain
gauge observations for the 1 h accumulated precipitation 3 h after the initial time. With a doubled box size, there is low
sensitivity to the density of the observations used. In this case, the effect of the SSM/I data is slight, and the rainfall
pattern produced is comparable to that obtained without any data assimilation. The model performance is also degraded
if the 22 GHz brightness temperatures are removed from the assimilated measurements: the correlation coefficient for the
precipitation is lower than in the case where all the frequencies are assimilated, and it decreases over time. In general, the
use of precipitable water and surface wind speed affects the early stages (3 h) of the rainfall forecast, reducing the model
spin-up. Brightness temperatures affect the forecast at a longer range (10 h). Copyright  2007 Royal Meteorological
Society
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1. Introduction

Standard weather observations, such as radiosondes, have
a random distribution and heterogeneous spatial density.
This irregular distribution can be partially filled by
using satellites that scan wide areas beneath their orbital
track. These provide a large amount of data that can be
used for improving the initialization of the mathematical
models for weather forecasting. Radiometers, such as
the Tropical Rainfall Measuring Mission Microwave
Imager (Simpson et al., 1996) or the Special Sensor
Microwave/Imager (SSM/I) (Hollinger et al., 1990), give
information on the atmospheric moist variables, such as
precipitable water (PW), cloud liquid water and rain
rate (RR), by retrieval from the recorded brightness
temperatures.

* Correspondence to: C. Faccani, Department of Physics, University of
L’Aquila, L’Aquila, 67010, Italy.
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The rapid change in space and time of these retrieved
variables strongly influences the weather forecast. There-
fore, in the last few years, there have been many
attempts to use these data to improve model initial-
ization. Deblonde et al. (1995) show that assimilation
of PW influences the humidity field at lower levels,
where the moist concentration is highest. Gerard and
Saunders (1999) find that PW increases the RR at time
steps close to the model initial time, because the large
water vapour availability spins up the mixed-layer sat-
uration. Assimilation of RR from SSM/I is found to
remove erroneous areas of precipitation and to improve
results where standard observations are not available
(Tsuyuki, 1997). Hou et al. (2004) also show that assim-
ilation of RR can relocate the centre of a storm pro-
duced by a hurricane, even if it does not lower the
sea-level pressure minimum. Assimilation of both RR
and PW produces combined effects and enhances the
results – as described by Xiao et al. (2000), who find not
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only a better positioning of the ERICA IOP-4 cyclone’s
track, but also an improvement of the rainfall and of
the frontal structure; the spin-up of the model is vastly
reduced.

In general, it is observed (Hou et al., 2001) that
assimilation of RR improves clouds and radiation in areas
of active convection, whereas assimilation of PW reduces
the bias of the moisture fields and improves the radiative
fluxes in regions of clear sky.

Assimilation of brightness temperatures is more com-
plicated. This process requires a good modelling of
the radiative-transfer equation (RTE). In the microwave
region, the radiative properties of non-precipitating areas
can be modelled accurately, because scattering processes
are negligible. In raining areas, scattering becomes sig-
nificant, especially at higher frequencies. In these condi-
tions, the coding of the algorithm becomes complicated
(Marzano and Bauer, 2001; Smith et al., 2002; Amer-
ault and Zou, 2003; Tassa et al., 2003). Amerault and
Zou (2003) provide an example of assimilation of raw
SSM/I data in raining areas. They use an elaborate RTE
based on three-dimensional (cloud and rain water, cloud
and snow ice, pressure, relative humidity, temperature)
and two-dimensional (surface temperature, wind speed)
fields. They encounter difficulties in modelling the rain-
ing regions, even using a four-dimensional variational
approach and a sophisticated RTE algorithm. These dif-
ficulties stem from the lack of a good knowledge of the
hydrometeors’ concentration and distribution.

Chen et al. (2004) evaluate the impact of bright-
ness temperatures and retrieved quantities on a high-
precipitation event such as the Danny cyclone. They find
that assimilation of SSM/I data increases the moisture
content and strengthens the low-level cyclonic circula-
tion. The model spin-up is reduced, and the structure of
the cyclone is better described.

In this paper, a similar approach is used to improve
the precipitation forecast over land of a particular case of
the Mesoscale Alpine Programme (MAP) 1999 campaign
(www.map.ethz.ch): IOP2b, 20–21 September 1999. The
reason for this choice is the difficulty, found by previous
studies, of reproducing the system evolution (see Section
2). Our goal is to ascertain whether the large number
of measurements provided by SSM/I can improve the
quality of the IOP2b forecast. The SSM/I data are
assimilated using the three-dimensional variational (3D-
Var) technique, and the PSU/NCAR MM5 model is used
for the forecast. The European Center for Medium range
Weather Forecasting (ECMWF) analysis at 0.5° is used
as a first guess to produce several new high-resolution
(27 km) analyses.

In particular, the sensitivity of the model to the
following variables is tested:

• assimilation of brightness temperatures;
• assimilation of precipitable water and surface wind

speeds retrieved from brightness temperatures;
• assimilation of selected frequencies and retrieved quan-

tities;

• change of size of the thinning box used to reduce data
density.

The paper is organized as follows. The selected case
is described in Section 2. A brief description of the
SSM/I instrumentation and data is given in Section 3. An
overview of the 3D-Var system is provided in Section
4. The model set-up and the experimental design are
presented in Sections 5 and 6 respectively. The impact
of the data assimilation on the initial conditions and on
the related forecast is discussed in Sections 7 and 8
respectively. Finally, conclusions are given in Section 9.

2. The case

The case selected for this study is IOP2b of MAP 1999.
This case has already been extensively studied because
of its meteorological characteristics (Medina and Houze,
2003; Rotunno and Ferretti, 2003), the inaccuracy of
the forecast during the campaign (Ferretti et al., 2003),
and the difficulty (even now) of correctly reproducing
it. Faccani and Ferretti have evaluated the impact of
different data assimilation techniques, using conventional
data (radiosonde or surface synoptic observations), on the
initial conditions (Faccani and Ferretti, 2005) and on the
rainfall forecast (Ferretti and Faccani, 2005). Using 3D-
Var, they find a moderate improvement for the evolution
of the system, but no improvement at all for the amount
and distribution of the 24 h accumulated precipitation.

In this study, the analysed period starts at 0600 UTC
on 20 September 1999, corresponding to the passage of
the Defense Meteorological Satellites Program (DMSP)
(http://dmsp.ngdc.noaa.gov/dmsp.html) satellite over the
Mediterranean area (Figure 1, dark and light grey
regions), and it ends 24 h later.

The initial conditions are characterized by an upper-
level trough, entering the Mediterranean region from the
northwest and moving eastward. Warm, humid air is

D1

D2

45 N

5 W 0 5 E 10 E 15 E 10 E

40 N

Figure 1. Model domains and distribution of observations. Light and
dark grey dots indicate the SSM/I pixels selected by 3D-Var for
brightness-temperature or water vapour data assimilation; dark grey
dots indicate the places where the surface wind speed is available;
black dots indicate the land and sea-surface stations used to validate

the data assimilation results on the analyses.
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Figure 2. ECMWF analysis at (top) 0600 UTC and (bottom) 1800 UTC on 20 September 1999, for: (left) sea-level pressure (hPa, solid lines) and
500 hPa geopotential height (m, dashed lines); and (right) 925 hPa water vapour mixing ratio (g kg−1) and wind (ms−1). The contour intervals

are 3 hPa for pressure, 50 m for geopotential height, and 2 g kg−1 for water vapour mixing ratio.

advected northward towards northern Italy, and a narrow
tongue of humid air is advected towards the eastern side
of the Alps at 1800 UTC on 20 September 1999. A
meso-low at the surface (999 hPa) is detected on the
western side of the northern plain of Italy, producing
local circulation. See Figure 2.

This event is characterized by moderate rainfall in
the north of Italy. The upper panels of Figure 3 show
the 1 h accumulated precipitation at 0900 UTC and
1600 UTC on 20 September 1999, as recorded by rain
gauges, available from the MAP archive and the Italian
meteorological services of Piedmont, Lombardia, Emilia
Romagna, Marche and Tuscany. The middle panels show
the instantaneous RR as estimated from SSM/I. Note that
the RR produced from SSM/I data is more reliable over
sea than over land (Ferraro and Marks, 1995), because of
the very variable emissivity of the land surface.

At 0900 UTC, the rain gauges show a large area
of moderate precipitation around 8 °E, straddling the
Italy – Switzerland border, and heavy precipitation in the
northeast of Italy, around 11 °E. The RR from SSM/I
data shows heavy precipitation in northeastern Italy (east
of 10 °E) extending southward, greatly overestimated
compared to the rain gauges. At 1600 UTC, the rain
gauges show that the heavy rainfall is confined to

northeastern Italy and Tuscany further south. The RR
from SSM/I data is similar, but there is overestimation
(moderate precipitation, pink) in western Switzerland and
south of 45 °N. Moreover, in the SSM/I image the heavy
precipitation observed in Tuscany is displaced eastward.
The composite radar reflectivity images are also shown
to help fill the gaps in the precipitation distribution
obtained from the rain gauges. This comparison confirms
that the SSM/I RR over land is inaccurate, especially at
0900 UTC.

3. SSM/I data

The SSM/I passive radiometer operates on the DMSP
satellites. It employs three frequencies (19.35 GHz,
37.0 GHz and 85.5 GHz) with horizontal (H) and vertical
(V) polarization, and one frequency (22.235 GHz) with
vertical polarization only, giving a total of seven chan-
nels. It performs a conical scan with a swath of 1400 km.
The 85 GHz channels take 128 uniformly-spaced samples
with a spacing of 12.5 km. For the other channels, the
sample spacing is 25 km. For a detailed description, see
Hollinger et al. (1990).

The swath of the SSM/I passage over the Mediter-
ranean area at 0600 UTC on 20 September 1999 is shown
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Figure 3. 1 h accumulated precipitation from rain gauges (top), instantaneous RR from SSM/I (middle), and radar reflectivity (bottom), at
0900 UTC (left) and 1600 UTC (right) on 20 September 1999. This figure is available in colour online at www.interscience.wiley.com/qj

in Figure 1 (light and dark grey regions). Only points over
the sea and off the coast are selected. This is because the
emissivity of the land surface is highly variable, so that
it is difficult to estimate its contribution and remove it
from the final measurement.

The SSM/I data are assimilated in two different ways:
as direct measurements of brightness temperatures, and
as retrieved quantities (surface wind speed and PW). For
the brightness temperatures, 1920 pixels (light and dark
grey in Figure 1) are selected.

The retrieval algorithm used to estimate the PW is that
given by Gerard and Eymard (1998):

PW = 236.552

− 14.419 · log(280 − T19V)

− 24.667 · log(280 − T19H)

− 26.995 · log(280 − T22V)

− 8.057 · log(280 − T37V)

+ 24.339 · log(280 − T37H), (1)

where Tx is the brightness temperature at channel x. This
retrieval gives 1920 measurements of integrated water
vapour.

For the surface wind speed, the algorithm used is that
of Goodberlet et al. (1989):

SWS = 147.90

+ 1.0969 · T19V

− 0.4555 · T22V

− 1.7600 · T37V

+ 0.7860 · T37H, (2)

which selects only 903 points (dark grey dots in Figure
1). The difference in the number of observations selected
is due to a different screening mask being applied to the
SSM/I data (Ferraro et al., 1998): the raining pixels are
excluded to retrieve PW; both raining and cloudy pixels
are excluded to retrieve surface wind speed.
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4. 3D-Var

The 3D-Var system (Courtier et al., 1998; Gustafsson
et al., 2001; Barker et al., 2004) is used to assimilate
the SSM/I information into the initial conditions. In this
system, the final analysis is found by minimizing the cost
function

J = 1

2
(xb − x)TB−1(xb − x)

+ 1

2
(yo − H(x))TR−1(yo − H(x)), (3)

where xb is the generic vector for the background, yo

is the observation vector, H is the operator that car-
ries the model state into the observation space, and B
and R are the error covariance matrices for the back-
ground and observations respectively. The error covari-
ance matrix B is estimated by the NMC method (Parrish
and Derber, 1992), using differences between 24 h and
12 h forecasts. The observation standard deviations for
PW and surface wind speed are 2.0 mm and 2.0 ms−1

respectively. For the brightness temperature, the standard
deviations are: 5 K at 85 GHz, 3.66 K at 37 GHz, 2.33 K
at 22 GHz, and 1 K at 19 GHz. These errors are com-
posed of instrumental error and other contributions such
as representativity errors. The choice of rather small stan-
dard deviations (compared to other studies, such as (Chen
et al., 2004)) follows from the decision to force the anal-
ysis to be as close as possible to the observations.

Bias removal is not applied in this study: finding out
the origin of the bias, and removing it, would require
a deeper investigation. The analyses are assumed to be
unbiased.

The ECMWF analysis on pressure levels at 0.5° is
used as a first guess. Note that in September 1999,
only the total column water vapour estimated from
SSM/I data using a one-dimensional variational technique
(Saunders et al., 1998) was assimilated into the ECMWF
model. By contrast, in this study SSM/I PW is estimated
by an independent retrieval algorithm. Therefore, the
correlation between SSM/I PW and the first guess is
assumed to be negligible.

The module of subroutines used by 3D-Var to assimi-
late the SSM/I brightness temperatures is based on Petty’s
algorithms (Petty and Katsaros, 1992, 1994; Petty, 1994a,
1994b, 1997). As already pointed out, the RTE algorithm
does not account for the scattering of raindrops and ice
particles, giving an RTE that is easy to manage, but appli-
cable only to non-raining pixels.

In order to be able to consider the observation error
covariance matrix R to be diagonal, and then decrease
the 3D-Var minimization time, the error correlation
among the SSM/I data is reduced by decreasing the
density of the observations. All the observations within
a square (‘thinning box’) centred at some grid point
(these grid points being regularly spaced) are weighted,
to give a ‘super-observation’. This procedure reduces the
individual random error. We will refer to this procedure

as ‘thinning’, even if the reduction of the observations is
performed by averaging and not by regular selection of
pixels (Järvinen and Undén, 1997).

Liu and Rabier (2002) have shown that to obtain a
good initialization it is crucial to have a good balance
between the model resolution, the observation density and
the observation resolution. They use a synthetic dataset,
varying the density and resolution in a one-dimensional
framework. They find that for observations having a
spatial error correlation, the thinning process can help
in finding a good compromise between the data density
and correlation, producing an accurate analysis.

In this study, the tuning of the thinning box for
SSM/I data (brightness temperatures and retrievals) will
be tested. The standard thinning box used is twice the
grid resolution of the mother domain (2 × 27 km).

5. Model set-up

The model used for our investigations is MM5 version 3
from PSU/NCAR (Grell et al., 1994; Dudhia, 1993). This
model is non-hydrostatic, based on primitive equations,
and it can handle nested domains. The configuration
used here is the same as that of Ferretti and Faccani
(2005). The goal of that study was to reproduce the high
precipitation inland, which was missed by MM5 version 2
(Rotunno and Ferretti, 2003). However, it was found that
the assimilation of synoptic surface data and radiosonde
measurements was still unable to reproduce this. Using
the same model configuration facilitates comparison
between the results of assimilating conventional data and
SSM/I measurements.

The selected domains are shown in Figure 1. The
resolution of the innermost domain is 3 km. The ratio
of spatial resolution between each domain and its mother
domain is 3 (domain 1 has a resolution of 27 km). A total
of 29 vertical terrain-following levels are used, and the
planetary-boundary-layer parametrization of (Hong and
Pan, 1996; Troen and Mahrt, 1986) is used. The scheme
of Kain and Fritsch (1993) is used to describe the cumulus
convection only in domains 1 and 2, together with an
explicit parametrization (Reisner et al., 1998) of moisture
and hydrometeor distribution.

SSM/I data are assimilated in domain 1 only, because
domains 2 and 3 lack sea surface (Figure 1). All the
model experiments start at 0600 UTC on 20 September
1999, and end after 24 h.

6. Experimental design

Several experiments are performed to assess the impact
of SSM/I data on the weather forecast. These are listed
in Table I. The reference experiment (CNTR) has no data
assimilation: 24 h of free forecast are produced from
the initial conditions obtained by interpolation of the
ECMWF analysis to the MM5 grid. In TBt, brightness
temperatures are assimilated; in RETRt, PW with surface
wind speed is assimilated. (The ‘t’ at the end of each code
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means that the thinning box used is the standard 54 km
one.) Two special cases of these experiments – TBa and
RETRa – are tested without thinning the observations.

The removal of one of the retrieved quantities
from RETRt indicates its relevance in the forecast. In
RETRtSWS, surface wind speed is not assimilated.

The sensitivity to each SSM/I frequency is evaluated
by removing that frequency. Thus, four experiments are
obtained from the basic configuration of TBt, and named
so as to indicate the removed frequency: TBt19, TBt22,
TBt37 and TBt85 respectively lack the 19 GHz, 22 GHz,
37 GHz and 85 GHz frequencies.

WIN2 is a test to assess the relevance of the thinning
box. It has the same configuration as TBt, but a thinning
box of twice the size (108 km).

Table I shows the number of observations used for each
data assimilation experiment, and the size of the thinning
box used. Notice that doubling the size of the thinning
box reduces the number of observations from 725 to 67:
a loss of 91%.

To distinguish the results of the analyses from those of
the model forecasts, an ‘I’ is prefixed to each experiment
code. These codes are listed in the final column of the
table.

7. Analyses

A statistical approach and a ‘quality control’ are used
to evaluate the new initial conditions. All the available
surface stations from the MAP archive (black dots in
Figure 1) are used for this purpose. The buoy stations
located over the Mediterranean Sea and the Atlantic
Ocean, included in the model domain (Figure 1), are used
for the analysis over the sea surface.

The mean error M and the standard deviation SDV

are computed for surface temperature T , water vapour

Table I. List of experiments. The first column shows the
experiment code. The second and third columns show which
types of data are assimilated, and their number (for the
brightness temperatures (BT), this is the number of selected
pixels). The fourth column shows the width of the thinning
box used. The fifth column shows the code used to refer to the

analysis.

Observations

Experiment BT PW, wind Thinning box Analysis

CNTR – – – ICNTR
RETRt – 690 54 km IRETRt
RETRa – 2809 – IRETRa
RETRtSWS – 690 54 km IRETRtSWS
TBt 725 – 54 km ITBt
TBa 1920 – – ITBa
TBt19 725 – 54 km ITBt19
TBt22 725 – 54 km ITBt22
TBt37 725 – 54 km ITBt37
TBt85 725 – 54 km ITBt85
WIN2 67 – 108 km IWIN2

mixing ratio Qv, and horizontal wind components U and
V , for each experiment.

Student’s t-test is used to estimate the level of signif-
icance of the results at a 95% confidence level.

A complete evaluation of the results is obtained by
comparison with the statistics from a case of assimilation
of ‘standard’ observations provided by Faccani (2006).
This uses a total of 977 synoptic surface stations and 42
radiosondes, while the model set-up is as in the present
study. This case is referred to as ISTD.

The ‘quality control’ is evaluated using the ‘improve-
ment factor’ (Marécal et al., 2001)

IF = RMSi

RMSf
, (4)

where RMSi and RMSf are the a priori and a poste-
riori root mean square errors, respectively, of the 3D-
Var minimization. In other words, RMSi refers to the
observations-minus-background field and RMSf refers to
the observations-minus-analysis field after the minimiza-
tion. The larger IF is, the closer the analysis is to the
observations. (Note that IF does not really give any
information about the quality of the final analysis. How-
ever, a large IF would suggest that the quality of the
analysis field is much better than the first guess.)

7.1. Statistics

Table II shows the values of M and SDV for surface
temperature T , water vapour mixing ratio Qv, and
horizontal wind components U and V , for each new
analysis produced. The last row shows the statistical
results of ISTD (Faccani, 2006).

The reference case, ICNTR, shows a small overes-
timation for temperature (M = −0.09 °C), with a large
SDV of 3.17 °C. Assimilation of PW and surface wind
speed increases the mean errors and slightly increases
the standard deviations, both with thinning (IRETRt,
M = 0.74 °C and SDV = 3.22 °C) and without (IRETRa,
M = 0.35 °C and SDV = 3.23 °C). A positive mean error
signifies model underestimation, and the large positive
M = 3.44 °C of IRETRtSWS shows the importance of
the surface wind speeds for a correct estimation of the
surface temperature field. There is also underestimation
when brightness temperatures are assimilated, especially
without thinning (ITBa, M = 0.78 °C).

As far as the different frequencies are concerned, only
the exclusion of the 19 GHz channels seems to affect the
estimation of the surface temperature (M = 0.21 °C). For
the other cases, the mean errors and standard deviations
are comparable to those of ICNTR, and only ITBt37
shows a small overestimation (M = −0.04 °C).

IWIN2, where the thinning box is doubled, has M =
−0.05 °C and SDV = 3.17 °C, comparable to the ICNTR
values. Remember that the number of observations used
in IWIN2 is reduced to 67 brightness-temperature mea-
surements. Therefore the impact of these data is expected
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Table II. Mean M and standard deviation SDV of the difference between surface-station observations and analysis after data
assimilation at the observing location, for temperature T , water vapour mixing ratio Qv, and horizontal wind components U and

V .

T (°C) Qv (g kg−1) U (ms−1) V (ms−1)

Analysis M SDV M SDV M SDV M SDV

ICNTR −0.09 3.17 −5.19 3.74 −0.10 3.10 −0.74 3.30
IRETRt 0.74 3.22 −5.23 3.74 −0.05 3.06 −0.75 3.31
IRETRa 0.35 3.23 −5.23 3.74 −0.05 3.06 −0.75 3.31
IRETRtSWS 3.44 3.82 −3.95 4.34 1.65 4.12 −1.81 4.68
ITBt 0.22 3.20 −5.19 3.75 −0.01 3.15 −0.73 3.37
ITBa 0.78 3.32 −5.06 3.79 0.10 3.63 −0.79 3.69
ITBt19 0.21 3.19 −5.19 3.75 −0.02 3.14 −0.74 3.35
ITBt22 0.10 3.17 −5.21 3.74 −0.09 3.11 −0.77 3.31
ITBt37 −0.04 3.20 −5.21 3.74 −0.05 3.15 −0.68 3.36
ITBt85 0.19 3.20 −5.19 3.75 −0.01 3.15 −0.72 3.37
IWIN2 −0.05 3.17 −5.20 3.74 −0.09 3.09 −0.74 3.29
ISTD −0.41 3.16 −4.58 3.90 0.38 3.11 −0.56 3.17

to be lower than would be obtained with a smaller thin-
ning box, and the results are expected to be comparable
to those of the ICNTR experiment.

Comparison with ISTD shows that assimilation of
conventional data leads to considerable overestimation of
the surface temperature field compared to ICNTR (M =
−0.41 °C), even if the standard deviation is comparable
to that of the other cases.

Student’s t-test for the surface temperature field
shows that the only significant differences in results are
between ICNTR and the experiments IRETRt, IRETRa,
IRETRtSWS and ITBa.

All the experiments show large overestimation (M) and
uncertainty (SDV ) for the the surface water vapour mix-
ing ratio. The error is in the initial analysis field (ECMWF
data on pressure level), as shown by the ICNTR case,
which has a mean error of −5.19 g kg−1 and an SDV

of 3.74 g kg−1. Assimilation of SSM/I data (whether
retrieved or raw) does not correct the initial estimation,
giving mean errors and standard deviations compara-
ble to those of ICNTR in almost every case. The only
exception is IRETRtSWS, which partially reduces the
mean error (M = −3.95 g kg−1); however, it increases
the SDV (to 4.34 g kg−1). The assimilation of standard
observations (ISTD) also reduces the mean error and
increases the standard deviation (M = −4.58 g kg−1,
SDV = 3.90 g kg−1), but not by as much. Student’s t-
test confirms that data assimilation does not produce
any significant change compared to ICNTR, except for
IRETRtSWS and ISTD.

Although the surface water vapour is considerably
overestimated, there is good agreement between obser-
vations and model analyses for the zonal wind field,
the only exception being IRETRtSWS. In this case, the
mean error has increased from −0.10 ms−1 (ICNTR) to
1.65 ms−1. This means that neglecting information about
the wind speed significantly reduces the quality of the ini-
tial estimation of U at the surface. For all the other exper-
iments – both standard and special test cases – the error

for U is less than or equal to that of ICNTR, and always
negative except for ITBa. This probably suggests a small
but positive impact of SSM/I data for the zonal wind.
Notice that the initial error for this field is already small
(ICNTR), so that the small variations of the mean errors
might be the result of a low sensitivity to assimilation of
SSM/I data. The corresponding standard deviations are
large, and they range between 3.06 ms−1 (IRETRa and
IRETRt) and 4.12 ms−1 (IRETRtSWS). Comparison of
the SSM/I experiments with ISTD (M = 0.38 ms−1 and
SDV = 3.11 ms−1) confirms the small positive impact
of the satellite data on the U field. As for the water
vapour mixing ratio, Student’s t-test confirms the statis-
tical significance of the results, compared to ICNTR, for
IRETRtSWS and ISTD only.

The mean errors of V are larger than those of U

in all cases. This is because the initial estimation of
this variable in the first guess is inaccurate, as already
observed by Faccani and Ferretti (2005). Like U , V is
overestimated. Again, if the contribution from the surface
wind speed is neglected (IRETRtSWS), a remarkable
increase in M (to −1.81 ms−1) is obtained. The other
cases have a mean error similar to that of ICNTR
(−0.74 ms−1), and the small fluctuations around this
value suggest low sensitivity of the V component to
assimilation of SSM/I data. This would confirm the low-
impact hypothesis suggested for the U component. A
partial confirmation of this low impact of SSM/I data
on the surface wind field is provided by ISTD, which
is able partially to reduce the mean error of ICNTR
to −0.56 ms−1. The corresponding standard deviation is
still large (3.17 ms−1), but is the lowest obtained for V .
However, only IRETRtSWS has a mean error for V that
is statistically different from that of ICNTR.

The results of this statistical analysis suggest that the
SSM/I data (raw or retrieved) mainly affect the temper-
ature field at the surface. Low sensitivity is observed for
the surface wind field, and especially for the water vapour
mixing ratio, except for IRETRtSWS. The assimilation
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of PW alone has a positive impact on the water vapour
mixing ratio field, but not on the wind field.

7.2. Improvement factor

The improvement factor (Equation (4)) is evaluated for
each assimilated variable (brightness temperature, PW
and surface wind speed). See Table III. For PW, values of
IF larger than 4.12 are obtained. A slightly higher value
(4.31) is found for IRETRa, whereas the surface wind
speed shows a modest increase, especially if thinning is
not applied (IRETRa, IF = 1.93).

In the cases where brightness temperatures are assimi-
lated, large increases are found for the 19 GHz frequency
only, especially for the horizontal-polarization compo-
nent (4.59 for IWIN2 and 3.66 for ITBt22). The 22V and
85H channels have a moderate IF , whereas the remain-
ing channels have an IF only slightly higher than 1.

The quality of these results is confirmed by the scatter
plots (Figure 4) of the observed brightness temperatures
at the various channels against those computed by 3D-Var
using the first guess. Note that only those observations
passing the 3D-Var quality check are shown. The 19 GHz
channels, as well as the 22V and 85V ones, have a
negligible bias; the other channels show a somewhat
larger effect.

These results suggest that the radiative-transfer (RT)
algorithm used by 3D-Var estimates some brightness tem-
peratures incorrectly. The possible causes of the bias
in the 3D-Var RT model have been analysed elsewhere
(Memmo et al., 2006). The aim is to compare the 3D-Var
RT model with a fairly detailed RT scheme implement-
ing both extinction and multiple scattering processes due
to sphere-equivalent hydrometeors in various thermody-
namic phases (Smith et al., 2002; Tassa et al., 2003).
The main result is that cloud-absorption parametriza-
tion within the 3D-Var RT model is not always accurate
because of empirical approximations of droplet-size dis-
tribution effects. The inaccurate estimation of the bright-
ness temperatures clearly introduces a bias into the anal-
ysis. However, this bias is observed in the 37 GHz chan-
nels and to some extent in the 85H one, so its removal
has been left as a subject for further investigation. Our
assumption seems to be justified if we consider ITBt37
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Figure 4. Scatter plots of model against observed brightness tempera-
tures at 0600 UTC on 20 September 1999 before 3D-Var minimization.
Only those observations passing the 3D-Var quality check are shown.

and ITBt: the complete removal of the 37 GHz channels
seems to have a negligible effect on the corresponding
analysis (see Section 7.1).

8. Forecasts

As was pointed out in Section 6, the new sets of analyses
are used to initialize the non-hydrostatic model MM5.

The 1 h accumulated precipitation at 0900 UTC and
1600 UTC on 20 September 1999 is used to estimate
the impact of the SSM/I data on the rainfall forecast.
Since the initial time of this study is 0600 UTC on 20

Table III. Improvement factor (ratio of initial to final r.m.s. error) for each kind of data assimilated by 3D-Var.

Analysis 19V 19H 22V 37V 37H 85V 85H PW Wind speed

IRETRt – – – – – – – 4.12 2.13
IRETRa – – – – – – – 4.31 1.93
IRETRtSWS – – – – – – – 4.17 –
ITBt 2.16 3.20 1.76 1.17 1.34 1.25 1.70 – –
ITBa 2.50 3.20 1.97 1.25 1.52 1.23 2.02 – –
ITBt19 – – 1.97 1.15 1.26 1.22 1.64 – –
ITBt22 2.38 3.66 – 1.17 1.38 1.28 1.61 – –
ITBt37 1.93 2.85 1.78 – – 1.22 1.56 – –
ITBt85 2.00 3.16 1.69 1.13 1.29 – – – –
IWIN2 2.01 4.59 1.67 1.13 1.27 1.36 1.59 – –
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September 1999, these two times represent the forecast
at the very short range (3 h) and at the less-short range
(10 h). The 1 h accumulated precipitation allows for
assessment of the model’s ability to reproduce the timing
of the front crossing the north of Italy. For statistical
validation of the results, the measurements from rain
gauges (Figure 3, upper panels) collected during the MAP
campaign are used, enriched by observations from several
other local Italian meteorological centres, as discussed in
Section 2.

Since the model configuration is two-way nested,
information on domain 3 is included in its mother
domain. Therefore, only results pertaining to domain 2
are discussed here.

8.1. Rainfall forecast verification

8.1.1. 0900 UTC, 20 September 1999

Figure 5 shows the 1 h accumulated precipitation end-
ing at 0900 UTC on 20 September 1999. The reference
experiment CNTR produces heavy precipitation (more
than 14 mm) over the western Alps. Precipitation of
10–12 mm is also found at the southern edge of the
domain, near the coast. Comparison with the rain gauge
observations (Figure 3) confirms agreement over the
Alps, and shows a model underestimation of the pre-
cipitation east of 10 °E and north of 45 °N, as found in
previous studies (Rotunno and Ferretti, 2003; Ferretti and
Faccani, 2005). The lack of observations in the southern
part of the domain around 10 °E (over land) prevents eval-
uation of the model performance in this area; however,
the light (or absent) precipitation all around this region
(grey dots in Figure 3) would suggest that no precipita-
tion occurred here. This would mean that the maximum
shown by CNTR is orographic precipitation generated by
the southern flow lifted up by the Apennines.

The precipitation forecast for the experiments where
the SSM/I retrieved data are assimilated (RETRt and
RETRa) shows an area (orange) of moderate precipitation
(up to 8 mm) along the Switzerland–France border, on
the Swiss side, which is not produced by CNTR. On the
other hand, a remarkable reduction of the maximum in
the southern part of the domain and along the Italian
coast is produced, especially by RETRa. Comparison
with the rain gauges and RR (Figure 3) suggests that
the rainfall forecast along the Alps is degraded. The
heavy precipitation around 11 °E is correctly increased
by RETRt, but not by RETRa.

Assimilation of PW alone (RETRtSWS) greatly
enhances the precipitation, from west to east, along the
Alps and over the Italian plain (at and north of 45 °N).
It also correctly reduces the heavy precipitation in the
southern part of the domain. Still, an unrealistic area
of precipitation is found along the Switzerland–France
border, even if it is reduced compared to RETRt
and RETRa. The overall distribution of RETRtSWS
seems, subjectively, to be in good agreement with the
observations (Figure 3), suggesting that the surface wind
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Figure 5. 1 h accumulated precipitation ending at 0900 UTC on
20 September 1999, for (a) CNTR, (b) RETRt, (c) RETRa, (d)
RETRtSWS, (e) TBt, and (f) TBa. This figure is available in colour

online at www.interscience.wiley.com/qj

speed degrades the precipitation forecast. Notice that the
corresponding analysis shows a large underestimation of
U and overestimation of V (Table II). This means that if
the surface wind speed is excluded from the assimilated
data, the advection of precipitation towards the east is
slowed down, allowing for an increase in the rainfall
accumulation in the early stages of the forecast. The
overestimation of V increases the uplifting of the flow
as it approaches the southern side of the Alps, carrying
moist air. A similar impact on the precipitation forecast
is seen in Ferretti and Faccani (2005, figure 4), where
assimilation every 3 h of synoptic surface observations
and radiosonde data slows down the eastward-moving
system, with a consequent increase in the accumulated
precipitation.

Assimilation of brightness temperatures (TBt and TBa)
produces a rainfall distribution comparable to that of
CNTR. The only remarkable difference is in the maxi-
mum of precipitation at the southern edge of the domain,
which is incorrectly increased in size and amount, espe-
cially for TBa.

The sensitivity experiments for the four channels of the
SSM/I sensor do not show any remarkable differences
compared to CNTR; therefore these results are not
shown. Similar conclusions are found for WIN2 (not
shown).

The results at this time step seem to indicate that the
assimilation of brightness temperatures has a low impact
on the precipitation at the very beginning of the forecast,
no matter what kind of expedient is used. Remember that
the time step analysed (0900 UTC) is within the model
spin-up phase; this means that brightness temperatures
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cannot affect this process in the way that PW without
surface wind speed does.

8.1.2. 1600 UTC, 20 September 1999

Figure 6 shows the 1 h accumulated precipitation at
1600 UTC on 20 September 1999. CNTR produces a
maximum of precipitation on the northern side of the
western Alps, at the Italy–Switzerland border; this maxi-
mum is slightly misplaced northward, and overestimated
compared to both the rain gauges and the radar echoes
(Figure 3). Moreover, a wide area of heavy precipitation
along the 11 °E line, with a maximum (more than 20 mm)
at about 45.5 °N, is observed. A comparable area of heavy
precipitation is detected by the rain gauges, but the gaps
in the network mean that the overall areal distribution
of the observed rainfall cannot be established. The radar
composite (Figure 3) confirms both the overestimation
of the maxima by MM5 and the eastward displacement
of the system, as already found by Ferretti and Faccani
(2005). A second maximum, south of the first and close
to the southern edge the domain, is in good agreement
with the rain gauges (Figure 3). The RR from SSM/I,
even if it is not completely reliable over land, indicates
the existence of this maximum, albeit further east than
it really is. The high precipitation in northeastern Italy
is correctly reproduced by CNTR, in agreement with the
measurements from rain gauges.

The experiments RETRt and RETRa greatly reduce the
maximum at the Italy–Switzerland border, but they do
not change its position. The area of high precipitation
in the south of the domain is reduced, and moved
eastward, compared to CNTR. The heavy-precipitation
area along 11 °E and north of 45 °N is greatly enhanced
and enlarged, especially by RETRt. However, it is
moved slightly eastward. Notice that strong radar echoes
(Figure 3) are found in northeastern Italy, close to the
border with Austria, suggesting heavy precipitation, in
good agreement with RETRt and RETRa. In general,
comparison between RETRt/RETRa and CNTR shows
that assimilation of retrieved quantities produces an
eastward shift of the rainfall pattern.

Assimilation of PW alone (RETRtSWS) produces
several small maxima along the Italy–Switzerland border
that are not recorded by the rain gauges (Figure 3).
However, the radar echoes (Figure 3) seem to confirm
that precipitation has occurred, even if RETRtSWS
has misplaced it. The maximum of precipitation at the
southern edge of the domain is incorrectly reduced both in
amount and in areal distribution, compared to CNTR and
the observations. The rainfall area along the 11 °E line is
correctly enlarged in the north and reduced in the south,
but its southern end is moved eastward, opposite to what
is shown by measurements from rain gauges (Figure 3).
A large maximum of more than 20 mm of precipitation
is placed in the centre of this high-precipitation area.

Assimilation of the brightness temperatures, with or
without thinning (TBt and TBa), gives different results.
Both these experiments correctly split the precipitation
along the 11 °E line into two main areas, one close to
the southern edge of the domain and one in northeastern
Italy. The precipitation in the first area is greatly reduced
in both cases, without changing its position relative
to CNTR. However, the reduction shown by TBa is
much greater than that of TBt: TBa shows only light
precipitation (up to 8 mm). The high precipitation in the
northeast is remarkably different for the two experiments.
For TBt, there is clearly good agreement with the
observations, especially in terms of the distribution. On
the contrary, TBa places the maximum to the east of its
true position according to the observations.

The test cases for the single SSM/I frequencies con-
firm the insensitivity of the forecast to the 19 GHz and
85 GHz channels (not shown). By contrast, high sensitiv-
ity is found when the 22 GHz frequency is excluded from
the dataset. TBt22 is the only experiment that seems sub-
jectively to be in good agreement with the observations
(Figure 3). Its rainfall distribution is comparable to that of
CNTR except in northeastern Italy. TBt22 also reduces,
and moves slightly southeastward, the maximum across
the Italy–Switzerland border, in good agreement with the
rain gauge measurements. This suggests that the use of
the 22 GHz frequency strongly affects the precipitation
forecast, moistening it too much, as comparison with TBt
confirms.

The rainfall distribution of TBt37 is comparable to that
of TBt, except for the maxima at the southern edge of the
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domain and the one between Italy and Switzerland, which
are lower than those produced by TBt. Furthermore,
TBt37 produces a secondary maximum (black) in the
high-precipitation area of northeastern Italy, confirming a
high sensitivity of MM5 to this frequency also. However,
this effect might be, at least partially, influenced by the
small bias observed for the 37 GHz channels.

Just as at 0900 UTC, the rainfall produced by WIN2
(not shown) is comparable to that of CNTR. This
proves that the number of assimilated observations is
too small for them to affect the rainfall forecast, even
if the statistics of the corresponding analysis (see Section
7) show a moderate improvement, especially for the
temperature field. Notice that the pattern of the rainfall
forecast is sensitive to the kind of SSM/I data used.
When PW and surface wind speed are assimilated, the
small maximum across the Italy–Switzerland border is
slightly displaced westward, whereas the precipitation
on the eastern side is shifted eastward. By contrast,
the assimilation of brightness temperatures displaces the
small maximum across the Alps southward, and correctly
produces two distinct high-precipitation areas along the
11 °E line, as observed (Figure 3).

8.2. Statistical evaluation

As for the analyses, we use a statistical approach to obtain
an objective evaluation of the results for precipitation.
The mean error M is used to gauge the model’s abil-
ity to reproduce the rainfall amount. Again, Student’s
t-test with a confidence level of 95% is used to check
the significance of the differences between the various
experiments. The observations used in this case are the
rain gauge measurements (Figure 3, top panels). The rain
gauge network is not homogeneously distributed, and
there are several gaps in the area under consideration.
These gaps are not taken into account in the computation
of the mean error and standard deviation. Thus, evalua-
tion of the forecast in terms of M and ST D alone can
be misleading. A better evaluation can be obtained using
the the correlation coefficient

ρ =

N∑

i=1

(obsi − Mobs)(modi − Mmod)

Nσobsσmod
, (5)

where Mobs and Mmod are the mean of the observations
(rain gauge data) and the model variables at the station
locations, respectively, N is the total number of obser-
vations, and σobs and σmod are the standard deviations of
the observed and model precipitation, respectively. This
ρ gives information on the structure of the rain field, and
therefore on the ability of the model to reproduce the
precipitation distribution, no matter what the observation
distribution is.

The statistical parameters M and ρ are computed
for the two time steps previously used: 0900 UTC and

Table IV. Mean error M and correlation coefficient ρ for
the 1 h accumulated precipitation ending at 0900 UTC and

1600 UTC on 20 September 1999, for each experiment.

0900 UTC 1600 UTC

Experiment M (mm) ρ M (mm) ρ

CNTR 0.24 0.51 0.11 0.30
RETRt −0.07 0.54 −0.03 0.35
RETRa 0.00 0.53 0.00 0.32
RETRtSWS −0.34 0.59 0.30 0.34
TBt 0.22 0.50 0.34 0.45
TBa 0.15 0.49 0.54 0.48
TBt19 0.22 0.50 0.33 0.47
TBt22 0.20 0.49 0.21 0.36
TBt37 0.25 0.50 0.40 0.47
TBt85 0.23 0.50 0.33 0.47
WIN2 0.24 0.50 0.14 0.37
STD 0.05 0.41 0.58 0.31

1600 UTC on 20 September 1999. The results are shown
in Table IV.

As in the discussion of the initial conditions, the results
of the experiment STD (Faccani, 2006) are also shown,
to enable a more complete understanding of the results.

At 0900 UTC on 20 September 1999, the reference
experiment CNTR has a mean error of 0.24 mm, indicat-
ing model underestimation of precipitation. The correla-
tion coefficient is 0.51, indicating fairly good agreement
with the observed pattern.

Experiments RETRt and RETRa have a lower mean
error and a slightly higher correlation coefficient than
CNTR, indicating an improvement in the precipitation.
Statistical significance is obtained for the mean error of
RETRt only.

As already discussed, RETRtSWS greatly increases the
precipitation throughout the domain. The quality of this
distribution is confirmed by the correlation coefficient,
which is 0.59. The mean error (−0.34 mm) clearly shows
overestimated precipitation, and is significantly different
from CNTR.

All the experiments performed using brightness tem-
peratures (from TBt to WIN2) have mean errors similar to
that of CNTR, ranging from 0.15 mm (TBa) to 0.25 mm
(TBt37). They are not significantly different from CNTR,
and their correlation coefficients are slightly lower than
that of CNTR, clearly showing that the brightness tem-
peratures tend to degrade model performance in the very
early stages of the forecast.

Experiment STD has a low mean error (0.05 mm),
which is not significantly different from CNTR, and a low
correlation coefficient, indicating an inaccurate rainfall
distribution.

Since this time step (0900 UTC) is only 3 h after the
model initial time, the results obtained using retrieved
quantities suggest that the model spin-up is partially
reduced if these measurements are used; on the other
hand, low sensitivity, with a negative trend, is found if
brightness temperatures are assimilated.
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At 1600 UTC on 20 September 1999, CNTR has a
mean error of 0.11 mm and a low correlation coeffi-
cient of 0.30. Assimilation of retrieved quantities still
produces very low mean errors (−0.03 mm for RETRt
and 0.00 mm for RETRa), but they are not significantly
different from CNTR. The correlation coefficients are
slightly larger than those of CNTR, as for 0900 UTC,
but not as good as before (0.35 for RETRt and 0.32
for RETRa). RETRtSWS still has a large mean error
(0.30 mm) compared to RETRt and RETRa, but its corre-
lation coefficient is lower than that of RETRt, confirming
the low quality of the forecast, as already noted (Section
8.1.2). The mean errors and correlation coefficients of
the experiments where brightness temperatures are assim-
ilated are larger than in CNTR, indicating better model
reproduction of the precipitation.

The STD experiment performs poorly at 1600 UTC,
having a large mean error (0.58 mm) and a correlation
coefficient (0.31) comparable to that of CNTR. Although
the distribution and amount of precipitation in STD are
worse than at 0900 UTC, this experiment (not shown)
places an underestimated maximum of precipitation in
northeastern Italy, closer to the observed one (Figure 3).
This confirms that the assimilation of radiosonde data
(three-dimensional fields) by 3D-Var affects the evolution
of the system, as already shown by Ferretti and Faccani
(2005).

Another important point is that the exclusion of the
22 GHz frequency greatly reduces the correlation coeffi-
cient at 1600 UTC (TBt22, ρ = 0.36) below the thresh-
old of 0.4. This confirms once more the relevance of this
frequency in the dataset used for assimilation.

9. Conclusions

This paper evaluates the impact of SSM/I data on the
rainfall forecast for a single test case. The main goal is
to improve the forecast of precipitation, which is poorly
reproduced (in both amount and distribution) by previous
studies. The MM5 model and its 3D-Var are used for
this purpose. Either brightness temperatures or PW and
surface wind speeds are assimilated. Small observation
errors are used, in order to force the analysis toward the
SSM/I data. Some special test cases are also examined
in order to determine the impact of each SSM/I channel
or retrieved quantity on the forecast. A change in size of
the box used to reduce the data density is also assessed.

The statistics computed for the new analyses reveal
considerable overestimation of the water vapour mixing
ratio, and in some cases of V . When SSM/I data (either
raw or retrieved) are used, there is very little impact on U ,
V and the water vapour mixing ratio, unless surface wind
speed is discarded. In this case, PW alone has a positive
impact on the water vapour mixing ratio, but increases
the errors for U , V and T . Temperature is much more
sensitive to the assimilation of SSM/I data, and the errors
are larger when retrieved quantities are used.

Analysis of the 1 h accumulated precipitation end-
ing at 0900 UTC and 1600 UTC on 20 September 1999

shows that the assimilation of retrieved quantities pro-
duces better results for the very short-range 3 h forecast
(0900 UTC), whereas the brightness temperatures work
better on the 10 h forecast (1600 UTC). In fact, assimi-
lation of PW and surface wind speed correctly enhances
the maxima along the Alps and greatly reduces the oro-
graphic precipitation in the south of the domain. More-
over, exclusion of the surface wind speed from the assim-
ilated observations significantly increases the amount
of precipitation. The statistics confirm that RETRtSWS
reproduces the distribution pattern at 0900 UTC well, in
spite of the negative impact on the surface temperatures
and horizontal wind.

At 1600 UTC, the precipitation pattern is misplaced
(too far to the east), with an incorrect pattern. Assimila-
tion of retrieved quantities (with or without surface wind
speed) does not affect the forecast. On the other hand,
brightness temperatures are able to improve the rainfall
pattern and amount, compared to the reference case.

The experiments concerning sensitivity to the SSM/I
frequencies show low sensitivity of the model to the
19 GHz and 85 GHz channels. The 37 GHz and 22 GHz
channels have a moderate impact on the analysis,
although the changes are not statistically significant.
However, the corresponding forecasts show sensitivity
to the 22 GHz frequency only, with a degradation of
the model performance when this is removed from the
dataset.

Variation of the thinning box shows that a size of
four times the model resolution drastically reduces the
impact of the data in the rainfall forecast, because the
data contribution is quickly lost. With a box size of twice
the model resolution, with or without data reduction,
differences are found in the analysis, but not in the
forecast.

The results of this study show that assimilation of
SSM/I data improves the rainfall forecast of the IOP2b
better than the standard observations alone, even if the
improvements are not as large as expected. An important
result is found: assimilation of brightness temperatures
or retrieved quantities influence the forecast in different
ways. Brightness temperatures influence the 10 h fore-
cast, whereas PW and surface wind speed influence the
3 h forecast. In the latter case, the model spin-up is
reduced, especially when PW alone is assimilated.
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Marécal V, Gerard E, Mahfouf J-F, Bauer P. 2001. The comparative
impact of the assimilation of SSM/I and TMI brightness temperatures
in the ECMWF 4D-Var system. Q. J. R. Meteorol. Soc. 127:
1123–1142.

Marzano FS, Bauer P. 2001. Sensitivity analysis of airborne
microwave retrieval of stratiform precipitation to the melting layer
parameterization. IEEE Trans. Geosci. Remote Sensing 39: 75–91.

Medina S, Houze RA. 2003. Air-motion and precipitation growth in
alpine storm. Q. J. R. Meteorol. Soc. 129B: 345–372.

Memmo A, Faccani C, Ferretti R, di Michele S, Marzano FS. 2006.
Evaluation of radiative transfer schemes for mesoscale model data
assimilation: a case study. Adv. Geosci. 7: 193–198.

Parrish DF, Derber JC. 1992. The National Meteorological Center’s
spectral statistical-interpolation analysis system. Mon. Weather Rev.
120: 1747–1763.

Petty GW. 1994a. Physical retrieval of over-ocean rain rate from the
multichannel microwave imagery. Part I: Theoretical characteristics
of normalized polarization and scattering indices. Meteorol. Atmos.
Phys. 54: 79–99.

Petty GW. 1994b. Physical retrieval of over-ocean rain rate
from the multichannel microwave imagery. Part II: Algorithm
implementation. Meteorol. Atmos. Phys. 54: 101–121.

Petty GW. 1997. An intercomparison of oceanic precipitation
frequencies from 10 SSM/I rain rate algorithms and shipboard
present-weather reports. J. Geophys. Res. 102: 1757–1777.

Petty GW, Katsaros KB. 1992. The response of the Special Sensor
Microwave/Imager to the marine environment. Part I: An analytic
model for the atmospheric component of observed brightness
temperatures. J. Atmos. Oceanic Technol. 9: 746–761.

Petty GW, Katsaros KB. 1994. The response of the SSM/I to the
marine environment. Part II: A parameterization of the effect of the
sea surface slope distribution on emission and reflection. J. Atmos.
Oceanic Technol. 11: 617–628.

Reisner J, Rasmussen RJ, Bruintjes RT. 1998. Explicit forecasting of
supercooled liquid water in winter storms using the MM5 mesoscale
model. Q. J. R. Meteorol. Soc. 124B: 1071–1107.

Rotunno R, Ferretti R. 2003. Comparative analysis of rainfall in MAP
cases IOP2b and IOP8. Q. J. R. Meteorol. Soc. 129B: 373–390.

Saunders R, Andersson E, Järvinen H, Gerard E, Rohn M, Isaksen L.
1998. Recent improvements to the ECMWF 4D-Var data assimilation
system. ECMWF Newsletter 81.

Simpson J, Kummerow C, Tao W-K, Adler RR. 1996. On the Tropical
Rainfall Measuring Mission (TRMM). Meteorol. Atmos. Phys. 60:
19–36.

Smith EA, Bauer P, Marzano FS, Kummerow CD, McKague D,
Mugnai A, Panegrossi G. 2002. Intercomparison of microwave
radiative transfer models for precipitating clouds. IEEE Trans.
Geosci. Remote Sensing 40: 541–549.

Tassa A, di Michele S, Mugnai A, Marzano FS, Poiares Baptista
P. 2003. Cloud-model based Bayesian technique for precipitation
profile retrieval from TRMM Microwave Imager. Radio Sci. 38:
8074. doi:10.1029/2002RS002674.

Troen I, Mahrt L. 1986. A simple model of the atmospheric boundary
layer: Sensitivity to surface evaporation. Boundary-Layer Meteorol.
37: 129–148.

Tsuyuki T. 1997. Variational data assimilation in the Tropics using
precipitation data. Part III: Assimilation of SSM/I precipitation rates.
Mon. Weather Rev. 125: 1447–1464.

Xiao Q, Zou X, Kuo Y-H. 2000. Incorporating the SSM/I-derived
precipitable water and rainfall rate into a numerical model: A
case study for the ERICA IOP-4 cyclone. Mon. Weather Rev. 128:
87–108.

Copyright  2007 Royal Meteorological Society Q. J. R. Meteorol. Soc. 133: 1295–1307 (2007)
DOI: 10.1002/qj


