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ABSTRACT

The Advanced Regional Prediction System (ARPS) is applied to operational numerical weather prediction in
Gadlicia, northwest Spain. The model is run daily for 72-h forecasts at a 10-km horizontal spacing. Located on the
northwest coast of Spain and influenced by the Atlantic weather systems, Galicia has a high percentage (nearly
50%) of rainy days per year. For these reasons, the precipitation processes and the initialization of moisture and
cloud fields are very important. Even though the ARPS model has a sophisticated data analysis system (‘** ADAS”)
that includes a 3D cloud analysis package, because of operational constraints, the current forecast starts from the
12-h forecast of the National Centers for Environmental Prediction Aviation Model (AVN). Still, procedures from
the ADAS cloud analysis are being used to construct the cloud fields based on AVN data and then are applied to
initialize the microphysical variables in ARPS. Comparisons of the ARPS predictions with local observations show
that ARPS can predict very well both the daily total precipitation and its spatia distribution. ARPS also shows
skill in predicting heavy rains and high winds, as observed during November 2000, and especially in the prediction
of the 5 November 2000 storm that caused widespread wind and rain damage in Galicia. It is demonstrated that
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the cloud analysis contributes to the success of the precipitation forecasts.

1. Introduction

Located in northwest Spain and influenced by Atlan-
tic weather systems, Galiciahas a high percentage (near-
ly 50%) of rainy days per year. The monthly mean num-
ber of days with precipitation of 1 mm or more, and
the annual average (last column) measured at five dif-
ferent sites marked as A, B, C, D, E in Fig. 1c for the
period 1961-90 are shown in Table 1. One can see that
between October and May nearly all locations have rain
on more than one-half of the days.

Galiciais located in aregion of complex terrain and
a wide variation in land use. Two typical synoptic sit-
uations exist in the region (Mounier 1964, 1979). In the
summer, the region is primarily affected by the Azores
high pressure center, with associated northwesterly
winds and clear skies. In the winter, itis mainly affected
by cold fronts associated with the low pressure center
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typically located over Great Britain. Ahead of the front,
southwesterly winds are found. Convective precipitation
is not common in the region, with heavy convective
precipitation occurring on only a few days per year. In
the winter season, the precipitation in this areais influ-
enced largely by the passage of cold fronts from the
Atlantic Ocean and the interaction of these systemswith
local topography. The fronts are usually associated with
extratropical cyclones whose centers are generally lo-
cated farther north. The topography of this region is
shown in Fig. 1, where one can see the wide variation
in terrain on small scales. For example, thereisamoun-
tain chain located in the southeast, only 200 km from
the coast, with peaks of more than 1600 m. There are
also elevations of about 500 m located in the northern
part of the region just 20 km from the coast. The coastal
bays, called rias, that characterize the southwest coast-
line have a strong influence on the local weather.

For these reasons, detailed forecasts of precipitation
would be quite useful for this region, and we seek to
investigate the forecasting of rainfall using a high-res-
olution nonhydrostatic numerical model and to study
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Fic. 1. (@) A 50-km coarse grid located on a Europe map, (b) 10-km ARPS grid located in coarse grid, and (c) ARPS topography on the
10-km grid. Contours and gray shading contrasts at 0, 100, 300, 500, 700, 900, 1200, and 1500 m. Monthly median precipitation is given
in Table 1 for stations A—E and comparison of forecast and observed daily total precipitation is given in Fig. 12 for stations marked as M,

I, and P

the impact of the moisture and cloud initialization on
model performance. Severa studies have suggested that
mesoscale models run at high resolutions can realisti-
cally predict precipitation over complex terrain (Bru-
intjes et a. 1994; Colle and Mass 1996; Gaudet and
Cotton 1998; Colle et al. 1999; Buzzi et al. 1998; Sand-
vik 1998).

Initialization of cloud water content in a high-reso-
[ution numerical model is a significant issue and so far,
most numerical weather prediction (NWP) models do
not initialize it using observations. The simplest pro-
cedure for initializating cloud water is to start with zero
values at all grid points and let the model gradually
build up cloud mass. Thus, the model must *“spin up”
or create cloud water/ice during thefirst few hours. This
creates a lag in the development of precipitation as the
air must reach saturation, or nearly so when a cumulus
parameterization scheme is employed, before precipi-

tation can occur. Models that include cloud water as a
prognostic variable may carry the field (from forecast
background) in the data analysis process into the next
prediction cycle. Without the use of additional infor-
mation, such forecast fields may be in error, however.
One previous study (Kristjansson 1992) concluded that
the initialization of the cloud water field by itself does
not have a large effect on the spinup of precipitation
and clouds, and a much larger effect is obtained when
the humidity field is enhanced (described later in section
4). In Colle et al. (1999), when the fifth-generation
Pennsylvania State University—National Center for At-
mospheric Research Mesoscale Model (MM5) was ini-
tialized with a cold start (i.e., no hydrometeors and sig-
nificant ageostrophic motions) it took 12-18 h on av-
erage for the model precipitation to spin up. To bypass
the spinup issue, Colle and Mass (2000) only discussed
results in the 8-44-h range when the model has been

TaBLE 1. Monthly mean number of days with precipitation of 1 mm or more and the annual mean numbers (last column) measured at
five different sites (A, B, C, D, E, asindicated in Fig. 1c).

No. of precipitation days (1 mm+)

Site Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
A 17.3 16.7 16.5 16.6 15.3 9.8 7.1 8.7 10.2 15.0 17.2 17.4 167.8
B 18.9 18.0 18.0 16.4 16.5 10.1 8.6 9.8 13.0 15.9 18.4 19.1 182.7
C 16.3 16.3 151 131 145 85 6.0 6.0 9.6 12.8 14.3 15.9 148.4
D 18.2 17.3 16.6 15.8 15.6 9.6 6.4 7.4 10.1 14.7 16.6 16.7 165.0
E 14.2 13.9 12.7 13.1 12.2 6.8 4.2 4.3 6.2 11.9 12.1 14.4 126.0
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reasonably spun up. The effects of grid spacing, vertical
resolution, and five different microphysical schemeson
the precipitation forecasts were studied in their paper.
In recent years, most operational NWP centers have
developed, or are developing, advanced data assimila-
tion systems based on optimal interpolation, three-di-
mensional variational data assimilation (3DVAR) and
four-dimensional variational dataassimilation (4ADVAR)
techniques, with limited success in assimilating cloud
and precipitation data. For example, only radiosonde
humidity data are presently used operationaly by the
High-Resolution Limited-Area Model (HIRLAM), and
are assimilated by optimal interpolation (Ol; Amstrup
and Huang 1999). At Météo-France, the operational em-
bedded limited area model ALADIN and global NWP
model ARPEGE (Action de Researche Petite Echelle
Grande Echelle) currently use a 3DVAR system and use
only radiosondes and the High Resolution Infrared Ra-
diation Sounder (HIRS-11/12) humidity information in
their upper-air assimilation (Courtier et al. 1991). Also,
the 4DVAR has been operational at Météo-France for
its global model since June 2000. Surface humidity data
are used for the assimilation of surface prognostic quan-
tities. The Eta Model of the National Centers for En-
vironmental Prediction (NCEP) in the United States has
used 3DVAR since February 1998. The model has prog-
nostic cloud water and it is passed on from previous
analysistimesthrough the EDAS (EtaDataAssimilation
System) cycle. It uses radiosonde data, surface reports,
and satellite-based measurements of total column water
vapor in the analysis. The system performs direct as-
similation of Geostationary Operational Environmental
Satellite (GOES) and polar satellite radiances in the
3DVAR and uses observed hourly precipitation and
cloud-top pressurein its 3-hourly cycle. At the National
Center for Atmospheric Research (NCAR), arecent in-
vestigation explores the impact of the assimilation of
satellite-retrieved soundings on forecast error in the
MM5: combinations of conventional surface and radio-
sonde observations and retrieved temperature and mois-
ture soundings from polar-orbiting satellites are assim-
ilated employing the four-dimensional data assimilation
technique (Powers and Gao 2000). At NCER, satellite-
retrieved rainfall is assimilated into its Medium-Range
Forecast (MRF) model (Falkovich et al. 2000) using the
NCEP Global Data Assimilation System (GDAS; Za-
potocny et al. 2000). Observations are inserted into the
system every 6 h. At the European Centre for Medium-
Range Weather Forecasts (ECMWF), 4DVAR was im-
plemented in November 1997. Work has been done on
the problem of cloud analysisin the context of advanced
variational data assimilation. For example, in Janiskova
(2001), one-dimensiona variational data assimilation
(1IDVAR) experiments using simulated observations
were performed to investigate the potential of radiation
and cloud schemes to modify model temperature, hu-
midity, and cloud profiles to produce a better match to
the observations of radiation fluxes. Feasibility studies
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in a 1IDVAR framework using data from field experi-
ments that measure both cloud properties and radiative
fluxes have also been carried out.

At the Center for Analysis and Prediction of Storms
(CAPS) a The University of Oklahoma, in order to pro-
vide detailed initia conditions for moisture variables in
the Advanced Regional Prediction System (ARPS; Xue
et al. 1995, 2000, 2001), and to serve as the basis for
moisture data assimilation, a cloud analysis procedure
has been developed within the ARPS Data Analysis Sys-
tem (ADAS,; Brewster 1996). The cloud initialization
procedure is a customization of the algorithms used by
the National Oceanic and Atmospheric Administration
(NOAA) Forecast Systems Laboratory inthe Local Anal-
ysis and Prediction System (LAPS; Albers et a. 1996)
with certain enhancements and refinements (Zhang et al.
1998; Zhang 1999). It incorporates cloud reports from
surface stations reporting World Meteorological Orga
nization (WMO) standard aviation routine weather re-
ports (METARS), satellite infrared and visible imagery
data, and radar reflectivity to construct three-dimensional
cloud and precipitation fields. The products of the anal-
ysis package include three-dimensional cloud cover,
cloud liquid and ice water mixing ratios, cloud and pre-
cipitation types, in-cloud vertical velocity, icing severity
index, and rain/snow/hail mixing ratios. Cloud base,
cloud top, and cloud ceiling are also derived.

In this work, ARPS application to an operational nu-
merical weather forecast for Galicia, Spain, isdescribed.
Even though the ARPS model has ADAS, a sophisti-
cated data analysis system that includes a three-dimen-
sional cloud analysis package, because of operational
constraints, our current forecast starts from the 12-h
forecast from the NCEP Aviation Model (AVN). Still,
procedures from the ADAS cloud analysis are being
used to construct the cloud fields based on AV N forecast
data, and a three-category ice microphysics scheme is
used in the ARPS operational runs. The next section
describes the operational implementation, and the gov-
erning equations are presented in section 3. The cloud
analysis procedure is explained in section 4; sections 5
and 6 present and summarize the results.

2. Operational implementation

The ARPS is applied to an operational numerical
weather forecast for Galicia, Spain. The ARPS model
was chosen because its nonhydrostatic dynamics, gen-
eralized terrain-following coordinate, and nesting ca-
pabilities are well suited for the complexities of the
Galician region. ARPS had also been tested quasi-op-
erationally for several years, especially for convective
seasons, at CAPS (Droegemeier et al. 1996; Xue et al.
1996; Carpenter et al. 1999). For this application, the
nesting was set up to permit the resolution of flows at
two scales: the influence of local terrain features in the
10-km fine grid, and the mesoscale circulations (partic-
ularly those concerning the passage of cold fronts from
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AVN 12Z forecast
received at 18Z
(initial and boundary
conditions every 3 hours)

At 05Z, all the results
are plotted and
presented on
http://meteo.usc.es

Nesting (50km resolution)
ARPS Galician region
(10km resolution)
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Fic. 2. Scheme of the daily operational forecast for the Galician
region.

the Atlantic Ocean) by the 50-km coarse grid. The prin-
cipa steps in the production of the daily 72-h forecast
are depicted schematically in Fig. 2. The ARPS model
starts from an enhanced 12-h forecast of the NCEP AVN
model and uses the boundary conditions also obtained
from the NCEP AVN model at a 3-h interval on acoarse
grid covering a 1500 km X 1500 km area (Fig. 1b). A
fine grid covering a 400 km X 400 km area (Fig. 1c)
is nested within the coarse domain. There are 43 sigma-
zlevelsin the vertical extending to 21 km. The fine grid
uses its own higher-resolution terrain with a gradual
transition to the coarse-grid terrain in a boundary zone
to improve the match between solutions. Theinitial con-
dition of the coarse grid is interpolated to fine-grid grid
points using linear and quadratic interpolation in the
vertical and horizontal, respectively. The 12-h AVN
forecast is used because of operational time constraints.
We do not receive the AV N dataset until 7 h after anal-
ysistime. It is not possible for us to use the AVN anal-
ysis and observations and still be able to run the nested
models and produce forecasts for the same day. The
forecast had to be available at the first hour in the morn-
ing (0600 local standard time). In the future we plan to
run the model twice daily, using the 0-h and 12-h AVN
output. Forecasts on the two grids take approximately
8 h of CPU time on a Fujitsu VPP300E computer using
the sole processor available to the project. Adding the
time needed for plotting and Web posting, the process
takes a total of 10 h. The forecasts for the present day,
the next day, and the subsequent day are ready for the
weather forecasters and general public on the Galician
regional forecast Web site (http://meteo.usc.es) at about
0500 UTC daily (i.e., 0600 local standard time).

3. The governing equations

The governing equations of the ARPS include con-
servation equations for momentum, heat, mass, water
substance (water vapor, liquid, and ice), subgrid-scale
(SGS) turbulent kinetic energy (TKE), and the equation
of state of moist air. The modified three-category ice
scheme of Lin et al. (1983) is used for microphysics
parameterization. It includes two liquid phases (cloud
and rain) and three ice categories (ice cloud, snow, and
hail or graupel). The implementation of the Lin scheme
follows that of Tao and Simpson (1993) and includes
the ice-water saturation adjustment procedure of Tao et
al. (1989). The source terms corresponding to the con-
servation equation of water subtances g, (cloud water),
g, (rain), g; (cloud ice), g, (snow), and q,, (hail/graupel)
include the following conversion terms based on
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ch = p(C - ec) - chv (1)
Sqr = p(_er +mg+ m, — fs - fh) - Tq,! (2)
S, = pld — ) - T,, ®
qu = p(ds — S — Mg + fs) - qu! and (4)
th = P(dh - S —m, + fh) - th- (5)

The symbols ¢, e, f, m, d, and s denote the rates of
condensation, evaporation of droplets, freezing of rain-
drops, melting of snow and graupel, deposition of ice
particles, and sublimation of ice particles, respectively.
Specific species are identified by the subscripts, with c,
r, i, s, and h representing cloud, rain, ice, snow, and
hail, respectively. Theterms T, , T, , T,, T,,and T, are
microphysical transfer rates between the hydrometeor
species, and their sum is zero. The complicated transfers
encompass nearly 30 processes. They include autocon-
version, which parameterizes the collision—coal escence
and collision—aggregation, and accretion among the var-
ious forms of liquid and solid hydrometeors. The trans-
formation of cloud ice to snow through autoconversion
(aggregation), the Bergeron processes (Bergeron 1935),
and subsequent accretional growth or aggregation to
form hail are simulated. Hail is also produced by various
contact mechanisms and via probabilistic freezing of
raindrops. Evaporation (sublimation) is considered for
all precipitation particles outside the cloud. The melting
of hail and snow, wet and dry growth of hail, and shed-
ding of rain from hail are included. The complete for-
mulation of each of the transfers can be found in Lin
et al. (1983). More details on the model formulation can
be found in Xue et al. (1995, 2000).

4. Cloud analysis procedure

For our purposes, a three-dimensional background
cloud cover field on the 50-km coarse grid is derived
from the relative humidity values in the initia and
boundary condition fields using an empirical power re-
lationship similar to one used in Koch et al. (1997):

RH — RHO\’
cF = (1.0 - RHO) ' ©

Here, CFisthecloud fractional cover that rangesfrom
0.0to 1.0, RH istherelative humidity, RHO isarelative
humidity threshold whose value is dependent on the
height, and b is an empirical constant. In thiscase, b is
set to 2. The relationships between cloud cover and RH
as a function of height z used in this work are depicted
in Fig. 3.

After the three-dimensional cloud-cover distribution
is obtained, values for the various cloud species are
calculated using the same procedures employed in the
ADAS cloud scheme for regions where directly ob-
served cloud information is lacking. The procedure fol-
lows modified LAPS cloud scheme (Albers et a. 1996)
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Fic. 3. Relationship between cloud cover and relative humidity at
different height levels. (Reproduced from Zhang 1999.)

as is given in Zhang et al. (1998) and Zhang (1999).
For each grid column, cloud tops and bases are deter-
mined for layers having a cloud coverage that exceeds
athreshold value (0.5 in this case). The adiabatic liquid
water content (ALWC) is the maximum value of liquid
water content in the cloud based solely on thermody-
namic processes, taking into account the changein lig-
uid water due to the change in the saturation mixing
ratio. ALWC is estimated by assuming moist adiabatic
conditions throughout the cloud and is calculated for
each grid point (and accumulated) from cloud base up-
ward. This adiabatic computation of LWC consists of
several steps. From cloud base, the moist adiabatic lapse
rate is used to calculate the temperature in 50-m incre-
ments above cloud base. These temperatures define the
saturation vapor pressures at 50-m increments through-

AT, = aAq,,
AT, = bAdq,

a= f,L,/C,
b= f,(L,+

where f, and f are constants for adjusting the fraction
of latent heat added from g, and q;, respectively (in this
case, 0.8), L, and L, are the latent heat of vaporization
and fusion at 0°C, respectively, and C, is the specific
heat of dry air at constant pressure.

5. A representative case

The period from November 2000 to mid-February
2001 was characterized by very inclement weather
over Galicia. Active cold fronts coming from the At-
lantic Ocean caused very strong southwesterly winds
with heavy rains over the entire region, especially in
the southwest because of orography. During this pe-
riod, Galicia experienced 20 days of severe weather,
including warnings for severe rain and wind. A wind
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out the cloud. The difference in saturation vapor pres-
sure over a 50-m interval defines the additional con-
densed moisture that is accumulated beginning at cloud
base and continuing to the cloud top. Then an entrain-
ment reduction curve (Fig. 4) is applied, which reduces
the ALWC by 40% near the cloud base and by 75% at
about 500 m above the cloud base. Constant 80% re-
duction is applied for levels 1.5 km or more above the
cloud base. The reduced ALWC is defined as cloud
liquid water when temperature is warmer than —10°C,
and as cloud ice when temperatureis colder than —30°C.
A linear ramp is applied for the temperature in between.
The specific humidity at those grid points that contain
cloud water is saturated, so that the conditions for cloud
formation in the condensation scheme of the model are
satisfied.

Ladt, a latent heat adjustment to temperature based on
added ALWC (AT) is applied, according to the formula

AT = AT, + AT,, (7)

Lf)/cp}

warning is issued when the mean wind velocity in the
coastal areas is higher than 80 km h~=* (22 m s~1), and
arain warning isissued when precipitation greater than
30 mmisaccumulated in 1 h or 60 mmin 12 h. Galicia
is not a very large region, but it has a very complex
topography that influences the spatial distribution of
precipitation. This fact complicates the precipitation
forecast. In Fig. 5, one can see large differencesamong
total accumulated precipitation measurements (num-
bers in the boxes) for November 2000 depending on
the location. High values of precipitation exceeding
900 mm accumulated in the southwest where moist air
from the sea flows over the mountains. By contrast,
just over 100 mm accumulated in the northeast part of
Galicia in a region of rain shadowing due to terrain.
The ability of the forecast model to replicate the dis-
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| precipitation (mm) in November 2000

Fic. 5. Comparison of total precipitation over Galicia during Nov
2000 as measured (numbers in boxes) and that predicted by ARPS
using cloud water analysis (contours and gray shading contrasts at
100, 200, 300, 400, 500, 600, and 800 mm).

parate precipitation regimes in this figure will be ad-
dressed in later sections.

In this work, we present the results obtained with the
ARPS model and demonstrate the importance of the
cloud initialization for the Galician operational forecast
in a period of severe weather—not only in the daily
total precipitation but also in its spatial distribution. For
brevity, we present here the results for November 2000,
and particularly, the storm that occurred on 5 November
2000. The synoptic situation for that day is shown in
Fig. 6, which istaken from the National Weather Service
of Spain (INM) bulletins. A cold front associated with
adeep low centered on the southwest of the British Isles
passed through Galicia, causing strong southwesterly
winds and heavy rains over the entire region. This sit-

e

05-Nov-2000 06Z Analysis

, 7.‘_‘_;""'-» ¢l
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FiG. 6. Synoptic analysis for 5 Nov 2000 at 0600, 1200, and 1800 UTC. Sea level pressure is shown in hectopascals (4-hPa interval).
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uation can be considered as representative of the general
synoptic pattern during the entire month of November
2000. This synoptic pattern was well described by
ARPS, as shown in Fig. 7, where sea level pressure
(contours) and 850-hPa temperature (shaded field) pre-
dicted by ARPS (0—24-h forecast) on the 50-km coarse
grid for 5 November 2000 at 0600, 1200, and 1800 UTC
are shown: the ARPS model predicted quite well the
location of both cold and warm fronts as compared with
the analysisin Fig. 6.

As shown in Fig. 6, at 1200 UTC 5 November 2000
the cold front is just arriving in northwest Galicia, a
cold front with a band of cumulonimbus convection
along it. This situation was well predicted by ARPS.
Asis shown in Fig. 8a, ARPS predicted a band of high
vertically integrated rainwater mixing ratio (g,) at the
observed frontal location, in the run where the cloud
generation at the initial and boundary conditionsis in-
cluded. Without the cloud analysis, the model was not
able to predict the frontal precipitation, so the g, values
obtained at the same time are smaller throughout the
domain, especially in the northwest corner near the
front. (Fig. 8b).

In Fig. 9 the surface wind field forecast by the ARPS
model for 1500 UTC 5 November 2000 is shown. The
model produced strong southwesterly winds, with val-
ues around 20 m s~* in the northern coastal areas (wind
gusts higher than 30 m s—* were measured in coastal
towns). A comparison between observed and forecast
wind velocity and direction for 5 November 2000 is
shown in Fig. 10 for two locations marked in Fig. 1 as
A (on thewest coast, 5-m elevation) and B (in the south-
east mountains, 970-m elevation). The ARPS model pre-
dicted the observed increase in wind velocity in the
afternoon and maintained the southwesterly winds all
day at both locations.

6. Verification

The Galician meteorological network, consisting of
43 climatological stations and 22 meteorological surface

05-Nov-2000 18Z Analysis

s - e’

The maps are adopted from National Weather Service of Spain (INM) bulletins. Here, the B symbol indicates the low pressure center, derived

from the Spanish word baja.
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Fic. 7. Sea level pressure (4-hPa contours) and 850-hPa temperature (shaded field) predicted by ARPS on 50-km coarse grid for 5 Nov
2000 at 0600, 1200, and 1800 UTC.

stations covering the entire region, was used to verify
the model forecasts. In Fig. 5 (shown earlier), the total
rainfall predicted with the ARPS model for the month
of November is contoured and compared with obser-
vations (numbers in boxes). ARPS forecasts using cloud
analysis agree quite well with the observations not only
in quantitative amount but also in the geographical dis-
tribution. ARPS predicted very high values of precip-
itation in the southwest area of the region, where moist
air from the sea is brought in by the southwest winds
(see Fig. 9) to be lifted over the topography. These
values of precipitation are greater than 800 mm, very
close to the measurement maximum of 922 mm. In the
mountainous areas of the southeast, the model also pre-
dicted the high values of precipitation measured, around
600 mm, and correctly distinguished the valley zones
with values of only 200 mm. In the north part of the

Rain water mixing ratio gr (Kg / Kg)

9.5w W 8.5W 8w 7.5W ™ 6.5W W

0.001 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

region, the model also produced a good forecast and
reproduced the significant precipitation (593 mm) that
occurred in the mountainous area located in the center,
and the drier zones on each side of this mountain. The
forecast of 100 mm from ARPS in the northeast com-
pares quite well to the measured minimum value of 110
mm there. On the other side, in the northwest, the ARPS-
predicted precipitation of around 250 mm there also
agrees quite well to the measured values.

Focusing on a particular day, we can see more clearly
the importance of the cloud analysis in the precipitation
forecast. In Figs. 11aand 11b the total rainfall predicted
with and without cloud analysis, respectively, is com-
pared with measurements (numbers in boxes) for 5 No-
vember 2000. At first glance, there is an important dif-
ference in the values obtained over the sea: with the
cloud analysis (Fig. 11a) a more realistic distribution is

Rain water mixing ratio qr (Kg / Kg)

9.5W aw 7.5w ™ 6.5W 6w

0.001 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

Fic. 8. Vertical integrated rainwater mixing ratio (g,) predicted with ARPS on the fine grid at 1200 UTC 5 Nov 2000 (a) with and (b)
without cloud analysis. The model started from 0000 UTC 5 Nov initial condition based on the 12-h AVN forecast background.
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Fic. 9. Surface wind velocity (shaded) and wind direction (vectors) predicted by ARPS on 10-km fine
grid at 1500 UTC 5 Nov 2000.

obtained, because it shows significant rainfall valuesin
the west, where the cold front was; however, without it
(Fig. 11b) the model does not represent correctly the
frontal clouds, and it generates less rainfall. Although
therainfall spatial distribution over theterrainissimilar
in both cases, the quantitative forecast is better in Fig.
11a, as we can see, for example, in the mountainous
area of the north, where 118 mm was measured and the
predicted value was near 110 mm, while in Fig. 11b the
predicted value was about 80 mm. Also, in the moun-
tainous area of the southeast, 116 and 78 mm were
measured at neighboring points and ARPS predicted
values in Fig. 11a of 119 and 89 mm, respectively; in
Fig. 11b the model-predicted precipitation was lessthan
80 mm. An accurate forecast of the rainfall maximais
very important for alerting the public about the threat
of heavy rainfall.

The daily total precipitation predicted by ARPS with
and without cloud analysis for November 2000 is com-
pared with measurements at three representative surface
stations in Fig. 12. We consider them to be represen-
tative because they arelocated at very different locations
in the region and at different elevations; MOUR (Mour-
iscade, Pontevedra, 490 m), INVE (Invernadeiro, Our-
ense, 1020 m), and PMUR (Pedro Murias, Lugo, 43 m)
(M, I, Pin Fig. 1, respectively). With cloud analysis,

the model was able to follow the daily evolution of the
precipitation remarkably well and to distinguish with
accuracy the heavy and light rain days. When the cloud
analysis is not applied, the rain forecast obtained for
heavy rain days is typically lower than measurements.
It is interesting to note the important differences be-
tween station INVE, located in the southeast mountain-
ous area of Galicia and having only 1 day of no pre-
cipitation and a daily mean value of about 25 mm, and
station PMUR, located on the coast, in the northeast
portion of the region and having 8 days of no precip-
itation and adaily mean value of only 4 mm. The model
appears to have good skills in reproducing these dif-
ferences. It is also shown in Fig. 13 that in the precip-
itation time series (predicted and measured) at the
MOUR location for 5 November 2000, with the cloud
analysis applied at theinitial conditions and cloud water
enhancement in the (AVN forecast) boundary condi-
tions, the predicted values agree quite well with mea-
surements during the entire 24-h time period.

In Fig. 14, the scattergram plots of observed precip-
itation (mm) and forecasts for 5 November 2000 with
and without cloud analysis summarize the model pre-
cipitation performance: light precipitation is well pre-
dicted in both cases but the cloud analysisimproved the
heavy precipitation forecast significantly. For values ex-
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Fic. 10. Surface wind speed and direction comparison between measurements at (a), (b) A (on the west
coast, 5 m) and (c), (d) B (in the southeast mountains, 970 m) stations, and model results for 5 Nov 2000.

ceeding 60 mm, the precipitation without cloud analysis
is significantly underpredicted while the case with cloud
analysis produced a better fit between the forecast and
observation. In general, the case without cloud analysis
has a significant negative bias in precipitation amount,
while the case with cloud analysis tends to slightly ov-
erpredict the precipitation although the absolute bias is
smaller. The rmse values obtained are quite good and
are gslightly lower with cloud analysis than without it.

Rainfall (mm) with cloud water initialization. Nov 5th, 2000

We further formally verify the precipitation forecasts
using bias and equitable threat scores. The bias score B
= F/O is the ratio of the number of stations forecast to
reach or exceed a certain precipitation threshold (F) to
the number of stations that actually exceed the threshold
(O); a perfect forecast would have B = 1, while values
of B less than and greater than 1 represent underfore-
casting and overforecasting, respectively, of the precip-
itation areal coverage. A limitation of the bias score is

Rainfall (mm) without cloud water initialization. Nov 5th, 2000

44.5N

44N

43.5N

425N

42N

415N

445N

44N

435N

425N

415N

10.5W 10w 9.5W 9w B.5W 8w 7.5W ™ 6.5W oW

10.5W 10W 9.5W

Fic. 11. Comparison between total rainfall over Galicia for 5 Nov 2000 predicted by ARPS (@) with and
(b) without cloud analysis and observations (numbers in boxes).
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Fic. 12. Comparison of daily total precipitation measured (bars) and predicted by ARPS with (solid line)
and without (dashed line) cloud analysis at stations (top) MOUR (42.61°N, 8.14°W), (middle) INVE (42.12°N,
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7.34°W), and (bottom) PMUR (43.54°N, 7.08°W). These stations are marked M, I, and P in Fig. 1c.

that it does not provide a measure of the coincidence
of stations for which precipitation was forecast with
those at which it is observed; this can be measured
through an equitable threat score T defined as

CF — CH _ FO

Fro-cr-cn MmN @
where CF is the number of correctly forecast stations
(both model and observations produce precipitation at
or above agiven threshold), CH isthe number of correct

T=

MOUR 1 hour accumulated precipitation
20 T T T T

+ Predicted
Bl Measured

Precipitation (mm)
= &
T

o
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o ||.||||I||]|||‘ I.
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Fic. 13. The 1-h accumulated precipitation measured (black bars)
and predicted (dots) at MOUR for 5 Nov 2000.

forecasts that could be obtained at random, N is the
number of points within the verification area, and F and
O are as defined above (Schaefer 1990; Rogers et al.
1996). Table 2 contains these skill scores for November
2000. At low-precipitation thresholds (0.2 and 10 mm),
both B and T values are close to 1, and they are exactly
1 for 5 November, when a significant storm occurred
(precipitation values bigger than 100 mm were mea-
sured at different locations). For this day, the model
slighty overestimated the areal coverage of heavy rain
(e. g., B = 1.4 for 40-mm threshold) and predicted quite
well the geographical location (T = 0.56 for 50-mm
threshold). Note that for all thresholds, the same 10
stations are being considered.

The comparison of monthly mean value of bias and
equitable threat score with and without cloud analysis
for various daily precipitation thresholds (mm) for No-
vember 2000 is shown in Fig. 15. For low thresholds,
the results imply good skill for the rain/no-rain forecast
and its location; for larger thresholds, the model loses
some precision in the geographical location of the pre-
cipitation but maintains good bias scores. When the
cloud analysis is applied, the B and T scores are im-
proved for al thresholds, with the lone exception being
40 mm, at which the T score is about even with the
forecast without cloud analysis.
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FiG. 14. Scatter diagrams of observed precipitation (mm) and model
forecasts (a) with and (b) without cloud analysis for 5 Nov 2000. For
reference, the 1-to-1 and 2-to-1 lines are shown as solid and dotted,
respectively.

7. Summary and conclusions

The Advanced Regional Prediction System has been
applied to operational numerical weather forecasts for
Galicia, in northwestern Spain, since January 2000. Be-
cause of the high percentage of rainy days per year in
this region, the precipitation processes and the initial-
ization of clouds and moisture in the model are very
important. Portions of the cloud analysis procedure
within the ARPS Data Analysis System was used to
construct the cloud fields based on forecast relative hu-
midity from the global AVN model of NCER The cloud
fields were used to initialize the microphysical variables
in the ARPS. A three-category ice scheme that includes
two liquid phases (cloud and rain) and three ice cate-
gories (ice cloud, snow, and hail or graupel) is used for
microphysics parameterization in ARPS.
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TaBLE 2. Skill scores for ARPS model with cloud analysis at the
meteorological stations. Labels on heading denote thresholds used to
evaluate each score, in millimeters of precipitation. Only days with
observed precipitation are shown.

Bias Equitable threat score
Date 0.2 100 20.0 400 0.2 100 20.0 400
1 Nov 1.0 117 100 00 1.0 0.4 0.03 0.0
2Nov 10 225 35 05 10 022 017 046
3Nov 033 0.0 — — 0.09 0.0 — —
4Nov 10 16 30 — 10 042 01 —
5Nov 1.0 1.0 088 14 1.0 1.0 0.75 0.56
6Nov 10 10 133 — 10 053 028 —
7Nov 0.78 014 — — 042 -0.07 — —
8Nov 0.63 0.0 00 — 042 00 00 —
9 Nov 1.0 0.0 — — 1.0 0.0 — —
10 Nov 0.0 — — — 00 — — —
12 Nov 1.0 089 083 — 1.0 074 075 —
13Nov 0.0 0.0 — — 00 0.0 — —
14 Nov 0.75 — — — 0.19 — — —
15 Nov 2.0 — —  — 019 — — —
16 Nov 1.0 35 — — 1.0 0.0 — —
17 Nov 1.6 — — — 0.27 — — —
18 Nov 1.6 0.0 — — 0.42 006 — —
19Nov 10 025 — — 10 —-006 — —
20 Nov 1.0 0.5 — — 1.0 -005 — —
21 Nov 1.0 1.0 117 40 10 1.0 0.75 0.19
22 Nov 1.0 2.0 0.0 0.0 1.0 0.12 0.0 0.0
23Nov 1.0 20 — — 10 046 — —
24 Nov 1.0 1.25 0.0 — 1.0 0.72 0.0 —
25Nov 06 0.0 —  — 049 0.0 — —
26 Nov 1.0 1.0 15 — 1.0 1.0 061 —
28 Nov 067 00 0. — 053 00 00 —
29 Nov 0.29 0.0 — — 0.17 0.0 — —
30Nov 10 083 05 00 10 074 036 0.0

Comparisons of the ARPS predictions with local ob-
servations show that both the daily total precipitation
and its spatial distribution were predicted reasonably
well. The latter is very challenging in thisregion, asis
shown by the large spatial variations in the observed

Bias and Equitable Threat Score

=" BIAS Without Cloud Analysis

— EQUITABLE THREAT SCORE Without Cloud Analysis
- = - BIAS With Cloud Analysis

—e— EQUITABLE THREAT SCORE With Cloud Analysis

0.5

ol— . L L
0.2 10 20 40

Fic. 15. Comparison of monthly mean bias and threat score for
various precipitation thresholds (mm day —*) for Nov 2000 with and
without cloud analysis.
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precipitation rates. ARPS also shows skill in predicting
heavy rains and high winds, as were observed during
most of November 2000 and exemplified by the pre-
diction of the 5 November 2000 storm in Galicia. The
model successfully reproduced the influence of the com-
plex local terrain features and the mesoscal e circulations
that combine to produce the complex spatial distribution
of rain in Galiciafor this specific case aswell asin the
monthly values. It was also shown through individual
cases, as well as month-long statistics, that both the
precipitation pattern and amount were improved when
the cloud analysis procedure is employed.
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