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Abstract A mesoscale boundary-layer model (BLM) is used for running 12-h low-level
wind forecasts for the La Plata River region. Several experiments are performed with dif-
ferent boundary conditions that include operational forecasts of the Eta/CPTEC model,
local observations, as well as a combination of both. The BLM wind forecasts are com-
pared to the surface wind observations of five weather stations during the period November
2003—-April 2004. Two accuracy measures are used: the hit rate or percentage of cases with
agreement in the wind direction sector, and the root-mean-squared error (RMSE) of the hor-
izontal wind components. The BLM surface wind forecasts are always more accurate, since
its averaged hit rate is three times greater and its averaged RMSE is one half smaller than the
Eta forecasts. Despite the large errors in the surface winds displayed by the Eta forecasts, its
850 hPa winds and surface temperature forecasts are able to drive the BLM model to obtain
surface winds forecasts with smaller errors than the Eta model. An additional experiment
demonstrates that the advantage of using the BLM model for forecasting low-level winds
over the La Plata River region is the result of a more appropriate definition of the land-river
surface temperature contrast. The particular formulation that the BLM model has for the
geometry of the river coasts is fundamental for resolving the smaller scale details of the
low-level local circulation. The main conclusion of the study is that operational low-level
wind forecasts for the La Plata River region can be improved by running the BLM model
forced by the Eta operational forecasts.
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Fig. 1 Geographical location of the La Plata River and mean observed wind roses for the period November
2003—-April 2004 at the meteorological stations Aeroparque, Don Torcuato, Ezeiza, Colonia and Carrasco.
The scale in the lower left corner indicates the wind direction frequency as a percentage

1 Introduction

The La Plata River is 300 km long and between 40 and 200 km wide, and flows into the
Atlantic Ocean in central-eastern South America (see Fig. 1). This extended water surface
is a conditioning and regulating factor of the local weather and climate that influences air
pollution, tide regime, fishing, harbour operations, tourism, etc. The La Plata River region
is of significant importance to Argentina and Uruguay since some of their most industrial-
ized and populated cities are located in the area. Due to the extension and the geography of
the La Plata River shores, a local atmospheric circulation develops in the lower levels, with
the cyclic characteristics of the sea—land breeze circulation. This circulation is generated
by the temperature difference between land and river and the wind blows from water to land
during the day (i.e., sea breeze), while at night flow is from land to water (i.e., land breeze).
Since this is a flat terrain region there are no other topographical effects that influence the
low-level local circulation.

Several numerical models have been used to study sea—land breeze circulations, for exam-
ple Pielke (1974); Pielke et al. (1992) and Black (1994). In some regions where the sea-breeze
circulation is important, it is common to adapt existent numerical models to study this local
circulation. Sea-breeze cases over north-western Hawaii were simulated using the NCEP
(National Center for Environmental Prediction) mesoscale spectral model coupled with an
advanced land-surface model with 3-km horizontal resolution (Zhang et al. 2005). The inland
penetration of the lake breeze on the western shore of Lake Michigan was studied by Roebber
and Gehring (2000) using the MMS5 mesoscale model with 5-km grid spacing. Some bound-
ary-layer forecast models have been developed to study the sea-land breeze in complex
terrains, for example Daggupaty (2001) for simulation of the three-dimensional circula-
tion associated with lake breezes in south-western Ontario. One of the main problems with
regional models is the resolution required to represent the short to mid—term regional—-scale
processes, as discussed by Colby (2004). An important aspect in modelling local circulations
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Low-Level Wind Forecast over the La Plata River Region 409

is the verification of predictions, as done for example by Case et al. (2004) over east central
Florida.

The sea—land breeze circulation over the La Plata River region was studied by Berri and
Nuiiez (1993) with a mesoscale boundary-layer model (BLM) especially formulated for the
area. They present a case study of a favourable synoptic situation for the development of the
sea—land breeze, showing that the BLM model is able to reproduce the observed mean wind
direction changes across the region during the day. Based on that result, the objective of the
present study is to adapt the BLM model (briefly described in Sect. 2), to produce diurnal
operational low-level wind forecasts over the La Plata River region, with higher temporal and
spatial resolution than the presently available one. As will be described in the following sec-
tions, the BLM model requires a prescribed upper and lower boundary conditions in order to
produce a forecast. In the present study three experiments are performed (described in Sect. 3)
with different boundary conditions, and the results are verified with local observations. In
Experiment I, the BLM model is forced at the upper and lower boundaries with the forecasts
of the Eta model (Mesinger and Black 1992), performed by CPTEC (Centro de Previsao
de Tempo e Estudos Climdticos, Brazil). In Experiment II, the BLM model is forced at the
upper boundary with the Eta model forecasts and at the lower boundary with observed sur-
face temperatures. Experiment Il employs only observations for defining the upper boundary
condition (radiosonde data), and the lower boundary condition (surface temperature). In each
experiment the BLM wind forecasts are compared to the available observational data and to
the Eta model wind forecasts, and Sect. 4 presents the discussion and the conclusions of the
study.

2 Model Description

The horizontal domain of the BLM forecasts extends over a region of approximately
430km x 350km and consists of 43 x 35 grid points spaced every 0.1 degrees (see Fig. 1
for geographical reference). The vertical domain has 12 levels distributed in a log—linear
spacing. The first level is the roughness length zg (equal to 0.01 m over water and 0.10 m
over land), and the last one is the material top of the model at 2,000 m. The intermediate
levels are located at the following heights, 10, 40, 80, 140, 220, 350, 550, 800, 1,100 and
1,500 m.

The BLM model has been developed by Berri and Nufiez (1993), and the equations
are based on the three principles that govern the atmospheric motion, i.e. conservation of
momentum, mass and energy. Since the model is formulated for studying the atmospheric
circulation in the boundary layer, the vertical component of the equation of motion becomes
the hydrostatic equation and the mass conservation principle is approximated by the continu-
ity equation for an incompressible fluid. The model is dry and all energy sources have been
neglected, except the surface heating, so that the energy equation reduces to the conservation
of potential temperature. The BLM model equations are:
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where all symbols have the usual meteorological meaning, subscript O refers to a horizon-
tally-averaged value over the entire domain, and the prime refers to a local departure from
that average value. Equations 1-3 are the forecast equations for the # and v wind components
and potential temperature 6, respectively. Equations 4-8 are the diagnostic equations for the
vertical motion w, atmospheric pressure pg, p’ and p, and potential temperature departure
6', respectively. Equations 1-8 are solved from the top of the surface layer (z = 40m) to
the material top of the model by a semi—implicit numerical scheme. Within the constant-flux
layer, the forecast equations become diagnostic equations by applying the similarity theory,
and therefore reduce to logarithmic vertical profiles of wind and potential temperature, as a
function of stability. The boundary conditions at the top of the model are: u = ug, v = vy,
w = p' =0" = 0, where u, and v, are the geostrophic wind components. At the lower
boundary the conditions are: u = v = w = 0, whereas 0 is defined at every timestep (see
Subsect. 3.2.2 below). At the lateral boundaries, all variables are allowed to change in order
to provide a zero gradient across the boundaries at each timestep. The model is initialized
under conditions of horizontal homogeneity for all the variables, except p and pg, since
their gradients define geostrophic wind at the initial state. Thus, Eq. 5 is integrated once and
Egs. 1 and 2, which become the well-known Ekman layer equations, are integrated during
three inertial periods in order to remove any possible inertial oscillations from the solution.
For more details about the model formulation and the numerical method of solution, see Berri
and Nuiez (1993).

3 Experiment Design

A set of three experiments is performed, each one consisting of 142 diurnal forecasts obtained
with the BLM model during the summer period from November 2003 to April 2004. The
number of cases is less than the 182 days of that period, since the set of forecasts is restricted
to those days with complete hourly observations. Each set member is a 12-h forecast start-
ing at 0900 local standard time (LST), approximately 2-3 h after sunrise, when there is a
minimum land-river temperature contrast. In this first study of BLM operational forecast
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Low-Level Wind Forecast over the La Plata River Region 411

verification, the forecast horizon is limited to the diurnal cycle, since the results of Berri and
Nuiiez (1993) show that the most remarkable changes in the wind pattern take place during
the daytime hours. The forecast wind is compared to the observed wind at the following
five weather stations: Aeroparque, Don Torcuato and Ezeiza in Argentina, and Colonia and
Carrasco in Uruguay (see Fig. 1 for their location). The 0900 LST BLM forecast is taken
after 30 min of model integration, in order to facilitate the model spin-up. Figure 1 shows
the observed mean wind direction frequencies at the five weather stations during November
2003—April 2004. The figure shows significant differences in the predominant wind direction
sectors across the La Plata River region, as a consequence of the dominant sea—land breeze
circulation.

3.1 Evaluation Method

The BLM and Eta model 10-m wind forecasts are validated with observations at the weather
stations, by means of two accuracy measures. One is the hit rate (HR) that counts the per-
centage of cases that the forecast wind direction matches the observed wind direction (Wilks
1995), and the other one is the root-mean-squared error (RMSE) of the horizontal wind com-
ponents. In order to calculate the HR, the horizontal wind components are transformed to a
wind direction expressed as one of the eight standard compass sectors (north, north-east, east,
etc.). The RMSE is a usual accuracy measure employed in forecast verification (for example
Hanna and Yang 2001; White et al. 1999; Zhong and Fast 2003), and is calculated as

N N
1
RMSE = | D wo—up 4 wo—vp?|, ©9)
j=1 j=1

where N is the number of available observations, # and v are the zonal and meridional wind
components, respectively, subscripts f and o refer to forecast and observation, respectively,
and subscript j identifies the observation to be verified. The BLM forecasts are verified
with each available observation between 0900 and 2100 LST, while the Eta forecasts are
verified with the 0900, 1500 and 2100 LST observations, since these are the only model
outputs available for the study. Since the terrain is flat, the verification of both models is
made with the interpolated value of the four surrounding grid points to each weather station
(the interpolation uses the same technique that is described in Sect. 3.2.1).

3.2 Experiment I

In this set of forecasts the BLM is forced at the upper and lower boundaries with the Eta
forecasts; the Eta model produces twice daily forecasts initialized at 1200 UTC and 0000
UTC (corresponding to 0900 LST and 2100 LST, respectively). In the present study we use
the 1200 UTC forecast of the previous day, since, according to Mesinger and Black (1992),
Seluchi and Chou (2001) and Bustamante et al. (1999), the Eta forecasts for the second 24 h
are better than for the first 24 h. Thus, the BLM is initialized at 0900 LST with a 24-h Eta
forecast. Since the Eta forecasts are available at 6-h intervals (i.e. 1200 UTC, 1800 UTC and
0000 UTC), it is necessary to interpolate the data in time in order to define the boundary con-
ditions at the 1-min BLM timestep. For this purpose a cubic spline interpolating polynomial
(Cormier and Marsh 2001) is implemented, which has the property of being continuous and
having first-order and second-order continuous derivatives. Additionally, it is necessary to
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interpolate the data in space from the 40-km resolution of the Eta model to the 10-km BLM
resolution, with the technique described in the following subsection.

3.2.1 Upper Boundary Interpolation

The 850-hPa Eta wind forecasts are interpolated using the Cressman method (Cressman
1959); the first step consists of calculating the distance Df. from each BLM grid point,
identified by subscripts i and j, to every Eta grid point, identified with the superscript k.
This distance is given by le]; = (X — X,’j)2 + (Y — )’ij)z, where X;; and Y;; are the
longitude and latitude, respectively, of the BLM grid points, and X and Y} are the longitude
and latitude, respectively, of the Eta grid points. The second step consists of calculating the
weighting factor of each grid point as follows: Wi]} = (N? - Df‘jz) J(N? + ijz), if N > Dl{‘j,
and Wi’; =0,if N < Dl’f, where N is a fixed value that, after testing the results of the inter-
polation, was set equal to 0.4 degrees. Finally, the corresponding value of any variable at
each BLM grid point is given by V;; = >, vk Wl.’} /2% Wikj, where V* is the corresponding
value at the Eta grid point.

3.2.2 Lower Boundary Interpolation

A similar interpolating routine is implemented at the lower boundary, although it is applied
separately to the grid points over the land and over the river. The reason for this procedure is
because the temperature over the river is quite homogeneous and changes very little during
the day, whereas over land the daily cycle of temperature is large, with an amplitude that can
exceed 10°C. Therefore, a 1-km transition band centred at the coast is established, in which
the land-river surface temperature difference is linearly interpolated. This provides a smooth
transition between the two regions and concentrates the land-river temperature contrast at
the coast.

3.2.3 Results of Experiment |

Table 1 shows that the BLM RMSE is between 2.4 and 3.3 m s~! smaller than the Eta RMSE,
while the BLM HR value is almost three times greater than the corresponding Eta HR, in all
cases. Figure 2 compares the HR obtained with both models at every weather station, at three
different times of the day, as well as its average value. At all weather stations the BLM wind
direction forecasts are more accurate than the Eta wind direction forecasts, with the greatest

Table 1 HR and RMSE for experiment I

0900 LST 1500 LST 2100 LST Average 0900, Average from
1500 and 2100 0900 to 2100
LST LST
HR (%) RMSE HR (%) RMSE HR (%) RMSE HR (%) RMSE HR (%) RMSE
ms™") ms™ ms~") ms~" ms~"
BLM 68 32 50 3.5 58 3.6 59 3.4 58 3.5
Eta 21 5.6 18 6.8 15 6.5 18 6.4

@ Springer



Low-Level Wind Forecast over the La Plata River Region 413
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Fig. 2 HR rates for Experiment I at a 0900 LST, b 1500 LST, ¢ 2100 LST and d average of 0900, 1500
and 2100 LST, for the meteorological stations Aeroparque (AE), Carrasco (CA), Colonia (CO), Don Torcuato
(DT) and Ezeiza (EZ). The dotted (dashed) bar corresponds to the BLM (Eta) model

HR values at 0900 LST. The improvement of the BLM forecasts over the Eta forecasts is
more significant at Aeroparque, the closest weather station to the river shore.

The analysis of the BLM wind field forecast (not shown) revealed an excessive predom-
inance of the inland wind component at 1500 LST, suggesting a stronger than normal sea
breeze. The BLM surface forcing is the land-river temperature difference, so that the larger
the thermal contrast the stronger the sea—land breeze circulation.

In order to compare the magnitude of the Eta model thermal contrast with the observa-
tions, we calculated the temperature difference between Ezeiza (inland) and Pontén Recalada
(river). We chose Ezeiza as the most representative inland weather station, located several
kilometres away from the coast, while Pontén Recalada is the only weather station over
the river (see Fig. 1). The observed temperature difference is compared to the temperature
difference calculated between the nearest Eta grid points to Ezeiza and Pontén Recalada.

The mean observed temperature differences are 1, 4 and 1°C, at 0900, 1500 and 2100 LST,
respectively, whereas the corresponding Eta values are 1, 10 and —2°C, respectively. The
greatest departure of the Eta land-river thermal contrast from the observations takes place in
the afternoon, which is the cause of the stronger than normal sea-breeze component of the
BLM forecasts. In an attempt to improve the BLM results, a new experiment is designed in
which the surface forcing is defined from the observations.

3.3 Experiment II

In this case the BLM model is forced by a surface potential temperature given by the expres-
sion: 6(x, y,t) = 6g+ A(t)[1 + tanh(s(x, y)/B)], where 0 is the mean value of the surface
potential temperature over the entire domain at the initial state. The land-river temperature
difference, A(t), is calculated as the harmonic analysis of the observed temperature differ-
ences between Ezeiza and Pontén Recalada at 0300, 0900, 1500 and 2100 LST. Finally,
s(x, y) is the shortest distance between every grid point and the coast, where the hyperbolic
tangent distributes the land-river temperature difference symmetrically with respect to the
coast. The parameter B, set equal to 1,000 m, accounts for 75% (90%) of the temperature
change in a distance equal to 2B (3 B) across the coast. The upper boundary condition of the
BLM model is the same as Experiment 1.
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Table 2 HR and RMSE for experiment II

0900 LST 1500 LST 2100 LST Average 0900, 1500  Average from
and 2100 LST 0900 to 2100 LST
HR RMSE HR RMSE HR RMSE HR RMSE HR RMSE
%) (ms™h) (% ms) (% msH) (% msh (%) (ms!)
BLM 64 3.7 60 4.2 45 3.7 56 3.8 58 4.3
Eta 21 5.6 18 6.8 15 6.5 18 6.4
a 0900 LST b 1500 LST
100% . 100%
80% — | 80%
60% =t ] 60% |—— — _ -
40% 1 = ! 40%
20% 1 ” % — — 2% k | ;
% m . (I : | 0% | T [Im s |
AE cA co oT [ AE CA (o) oT =
c 2100 LST d Average 0900, 1500 and 2100 LST
100% 1 100%
80% 80%
60% 1 60%
40% T— — ] —I_I— 40% :I" ] -
200 4— S e B 20% 4 m |
% - . [, Il % T J | m | " |Z
AE CA co oT E2 AE CA co oT E

Fig. 3 Same as Fig. 2, but for Experiment II

3.3.1 Results of Experiment II

Table 2 compares the RMSE and HR values of both models, and again the BLM forecasts
are more accurate than the Eta forecasts, although the average values compare less well than
in Experiment I. For example, the 56% average HR is slightly smaller than the 59% average
HR of Experiment I (see column 4), and the average 3.8m s~' RMSE is slightly greater
than the 3.4m s~! RMSE of Experiment I. It is interesting, however, to analyse the results
at different times of the day. For example, at 1500 LST the 60% HR represents a significant
improvement over the 50% HR of Experiment I, although the 4.2 m s~! RMSE is greater
than the 3.5 m s~! RMSE of Experiment I. On the other hand, the BLM forecasts at 0900
and 2100 LST are less accurate in comparison to Experiment I. For example the HR value
drops from 68 to 64% at 0900 LST and from 58 to 45% at 2100 LST. Similarly, the RMSE
increases from 3.2 to 3.7 m s~! at 0900 LST and from 3.6 to 3.7 m s~! at 2100 LST. The
improvement of the BLM afternoon forecasts is the result of a more appropriate definition
of the land-river thermal contrast, since the excessive forcing provided by the Eta forecast
leads to a much stronger inland sea-breeze component.

The last column of Tables 1 and 2 presents the averaged BLM HR and RMSE for all the
hours between 0900 LST and 2100 LST. In this case, Experiment I shows a minor improve-
ment over Experiment II in the case of the RMSE, but not for HR, which remains the same.
Clearly, a better definition of the surface forcing improves the BLM forecasts at 1500 LST.
Figure 3 shows the HR value at each weather station and time of the day. It can be clearly
seen at 1500 LST (Fig. 3b) that, with the only exception of Ezeiza, Experiment II forecasts
are more accurate than Experiment I forecasts.
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3.4 Experiment III, Model Forced with Observations

In this case, both the upper and lower boundary conditions for the BLM forecasts are defined
exclusively from local observations. The surface forcing condition is the same as in Experi-
ment II, but the upper boundary condition is taken from the 1200 UTC (0900 LST) 850-hPa
level Ezeiza radiosonde sounding. Since there is only one sounding a day, the upper boundary
condition remains constant during the integration period.

3.4.1 Results of Experiment 111

Table 3 compares the averaged 0900, 1500 and 2100 LST RMSE and HR values at the five
weather stations, obtained with the BLM forecasts performed for different boundary condi-
tions. In the first two columns the boundary conditions are from the Eta forecasts, whereas
in the following three columns the boundary conditions are from the observations. The last
column shows the averaged RMSE and HR values of the Eta forecasts. In all cases the BLM
forecasts are more accurate than the Eta forecasts, although there are remarkable differences
among them.

‘When the upper boundary condition is taken from the 850-hPa radiosonde sounding (same
level of the Eta forecasts as used in the previous cases), the BLM forecasts degrade with
respect to Experiment I. The RMSE increases from 3.4 to 3.8 m s~! and the HR drops
from 59 to 41% (Table 3, columns 1 and 3). In view of this, we decided to run the BLM
forecasts using other levels of the radiosonde sounding for defining the upper boundary con-
dition. The other two standard levels available from the observations are 925 and 1,000 hPa,
and the results are shown in columns 4 and 5 of Table 3. It can be seen that the forecast
performance improves as the level of the boundary condition approaches surface. The best
result is obtained with the 1,000-hPa level, with a 5% improvement in the HR (from 59 to
64%, Table 3, columns 1 and 5), with respect to the case in which both boundary conditions
are defined from the Eta forecasts. The La Plata River region is under the influence of the
South Atlantic anticyclone whose temperature inversion defines the top of the boundary layer.
The analysis of the Ezeiza radiosonde data shows that in 72% of the observations
during the validation period, the base of the temperature inversion is below 850 hPa, and
in 54% of the cases it is below 925 hPa. Since most of the time these two levels are above
the top of the boundary layer, 1,000 hPa seems to be the most appropriate standard level for
defining the upper boundary condition for the BLM forecasts.

Table 3 Averaged 0900, 1500 and 2100 LST RMSE and HR values at the five meteorological stations,
obtained with the Eta and the BLM models forecasts under different boundary conditions

BLM boundary conditions BLM boundary conditions from observations Eta
from Eta forecasts
U. bound. 850 hPa ExpI 1,000 hPa 850 hPa 925 hPa 1,000 hPa Exp III
L. bound. Eta temp. Etatemp. Temp. function Temp. function Temp. function
RMSE (ms~!) 3.4 34 3.8 34 34 6.4
HR (%) 59 53 41 48 64 18

U. bound and L. bound means upper boundary and lower boundary, respectively. Eta temp. means that the
interpolation from Eta temperature is used, and femp. function means that the surface potential temperature
function is used
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Fig. 4 Same as Fig. 2, but for Experiment III
Table 4 HR and RMSE for experiment I1I
0900 LST 1500 LST 2100 LST Average 0900, 1500  Average from
and 2100 LST 0900 to 2100 LST
HR RMSE HR RMSE HR RMSE HR RMSE HR RMSE
%) (ms™h (%) ms™H (% s (%) (msh (%) (ms™h
BLM 73 3.0 64 3.7 54 3.7 64 34 62 33
Eta 21 5.6 18 6.8 15 6.5 18 6.4

Table 4 presents the results of Experiment III and shows, as in the two previous experi-
ments, forecast degradation with time. Figure 4 shows that the BLM HR at every weather
station is, on average, better than that of the Eta forecasts. When comparing the results of
Experiment IIT with the other two experiments, the HR is always equal or better at every
weather station, except at Colonia. For comparison, the BLM is run with the upper boundary
condition taken from the 1,000-hPa Eta forecasts (Table 3, column 2), but in this case the
results worsen since the HR decreases from 59 to 53%, although the RMSE remains
unchanged at 3.4 m s~

Table 5 compares the results of the three experiments by time of day. Experiment III is
the most accurate, on average (rightmost two columns), as well as at 0900 LST and 1500
LST. However, at 2100 LST Experiment I results are more accurate, indicating that the use
of forecast boundary conditions is better than persistence, for longer lead times. Also, in all
cases the BLM wind forecasts are more accurate than the Eta forecasts, since the BLM RMSE
is between 1.9 and 3.3 m s—! smaller than the Eta RMSE, and the HR is more than three times
greater than that of the Eta forecasts. Table 5 also shows systematic forecast degradation with
time in Experiment III, which uses only observations for the boundary conditions. On the
other hand, when the boundary conditions are exclusively defined from the Eta forecasts, as
in Experiment I, the 12-h (2100 LST) forecast is not only more accurate than the 6-h forecast,
but also unmatched. These results indicate, for longer lead forecasts, the clear advantage of
using the Eta model predictions for defining the BLM model boundary conditions.
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Table 5 Averaged HR and RMSE values for each BLM model experiment and the Eta model

0900 LST 1500 LST 2100 LST Average 0900, 1500  Average from
and 2100 LST 0900 to 2100 LST
HR RMSE HR RMSE HR RMSE HR RMSE HR RMSE
(%) ms™hH (% ms™H @ msT) @ (ms™hH (%) (ms™h
BLMExpI 68 3.2 50 3.5 58 3.6 59 3.4 58 3.5
BLMExpIl 64 3.7 60 4.2 45 3.7 56 3.8 58 4.3
BLM Exp III 73 3.0 64 3.7 54 3.7 64 3.4 62 3.3
Eta 21 5.6 18 6.8 15 6.5 18 6.4

3.5 Example of Forecast for 18 January 2004

Since point verification may not be well suited for quantifying forecast models, and only
standard meteorological observations are available in the region, a qualitative measure of
verification is implemented. The BLM vertical velocity forecast is compared to the cumulus
cloud distribution of a satellite image, in order to give a regional scale assessment of the
model ability. As an example, this section presents the forecast for 18 January 2004, a date
that was chosen with the following consideration. A first screening identified the days with an
850-hPa Eta forecast of light winds from the east or north-east throughout the daytime hours.
This is the appropriate regional condition for the development of the typical low clouds
that are induced by the sea-breeze circulation in the region. Out of the initially identified
7 days, the date of the example was the only one with a clear satellite image available around
noon.

Firstly, the 10-m wind field forecasts of the BLM and Eta models are compared to the
observations. Figure 5a shows the BLM forecast at 0900 LST along with the wind observa-
tions (thick arrows) at the five weather stations of the study (left panel), and the Eta forecast
(right panel). The wind field for both models is mainly from the east and north-east, in agree-
ment with the observations. However, there are discrepancies in the wind speeds since the Eta
forecast around the weather stations in Argentina shows smaller values than the BLM fore-
cast, which in turn agrees better with the observations. Besides, the BLM winds are weaker
over the river and stronger over the land, whereas the Eta forecast shows systematically
decreasing wind speeds from east to west.

Figure 5b corresponds to 1500 LST, the time of the day when the sea breeze is well devel-
oped. The Eta forecast shows south-easterly winds across the river and neighbouring regions,
whereas the observations reveal different wind directions. Over the coastal region of Uruguay
the BLM and the Eta wind direction forecasts are from the south-east, in agreement with the
observations. Over the coastal region of Argentina the BLM wind direction forecast is east,
which agrees with the observations, whereas the Eta wind direction forecast is south-east.
The observed wind pattern over the region of the river springs displays the inland sea-breeze
component, which is very well represented by the BLM forecast but clearly ignored by the
Eta forecast.

Figure 5c corresponds to 2100 LST, when the observed wind direction field over the
coast of Uruguay does not show changes with respect to the 1500 LST forecast. The BLM
wind direction forecast agrees with the observations, whereas the Eta forecast shows a wind
direction shift to the eastern sector over the entire northern half of the region. Over the
coast of Argentina the BLM forecast shows easterly and east-south-easterly winds, mostly in
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Fig. 5 Example of 10-m wind field forecast of the BLM model (left panels) and the Eta model (right panels).
The bold arrows represent the standard wind observations at the five weather stations. The date is 18 January
2004 and panel a corresponds to 0900 LST, panel b corresponds to 1500 LST and panel ¢ corresponds to 2100

LST

agreement with the observations. Instead, the counter-clockwise wind direction change from
panel (b) to (c) of the Eta forecast is opposed to the observed one, between 1500 LST and
2100 LST.

The comparison of the wind fields at these three times clearly reveals the significant var-
iability in time and space of the sea—land breeze circulation across the region. On the other
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Fig. 6 aBLM vertical velocity forecast at 1,200 m corresponding to 1100 LST of 18 January 2004; b NOAA-
17 satellite image at 1344 UTC (1044 LST) provided by the National Meteorological Service of Argentina

hand, these changes are reasonably well represented by the BLM forecast, particularly over
the river springs, but completely ignored by the Eta forecast.

Figure 6a presents the forecast vertical velocity field at 1,200 m for 1100 LST, 18 January
2004. The regions identified with letters A and E display downward motion, whereas the
rest of the domain displays upward motion. Since there are no vertical velocity observations
available, it is possible to perform a qualitative verification of the vertical motion by ana-
lyzing the cumulus cloud distribution of a satellite image. Figure 6b shows the 1344 UTC
(1044 LST) NOAA-17 satellite image, in which the low-level cumulus clouds can be clearly
identified. The region identified with letter A in Fig. 6a matches the cloud free region over
most of the river and the neighbouring inland region of Argentina of Fig. 6b. The region
identified with letter B in Fig. 6a displays upward motion over land and up to the river
shore, in coincidence with the cumulus cloud distribution in Fig. 6b, whereas in region C
the clouds are located further inland (Fig. 6b); in agreement with the vertical motion field of
Fig. 6a. Over the river mouth (Fig. 6b) there are scattered clouds, again in agreement with
the upward motion of region D in Fig. 6a. Region E (Fig. 6a), inland over Uruguay and far
from the river, is characterized by downward motion, coinciding with a cloud free region in
Fig. 6b. Region F is clearly the one without any qualitative agreement between cloudiness
and vertical motion. There, the model results indicate upward motion, with a maximum near
the coast, whereas the satellite image is free of clouds. One of the tributaries of the La Plata
River is the Uruguay River, which can be clearly seen in the satellite image coming from the
north. The other tributary is the Parand River, which drains from the north-west (upper left
corner of Fig. 6b), and despite having flow that double the flow of the Uruguay River, is not
clearly visible in the image. This is because the Parand River runs along multiple streams
that form a river delta, merging the La Plata River immediately to the north-west of the city
of Buenos Aires. Therefore, a significant part of region F is a very humid flatland where
the river—land temperature contrast is not confined to a narrow region as in the rest of the
La Plata River shores. This singularity modifies the convergence/divergence pattern of the
horizontal motion and, consequently, the vertical motion as well. Since the BLM model does
not consider different soil types, this particular characteristic of region F is not represented,
which in turn may explain the disagreement between the observed cloud distribution and the
predicted vertical motion.
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Figure 7 presents a vertical cross-section at 58.4°W of the BLM vertical velocity forecast
for 1500 LST. Atthis time of the day the sea breeze is atits peak, so that the land regions display
upward motion and the river region, at the centre of the figure, displays downward motion.
This vertical velocity pattern is typical of a well-developed mid-afternoon sea-breeze circu-
lation that results from the low-level wind convergence/divergence fields. A similar vertical
cross-section of the Eta forecast (not shown) does not reveal any detail since the magnitude
of the vertical motion is of the order of 0.1 mm s~!, with no clearly defined spatial pattern.

4 Discussion and Conclusions

A mesoscale boundary-layer model (BLM) is used for forecasting the low-level wind field
over the La Plata River region during the period November 2003—April 2004. Three exper-
iments are performed in which the BLM is forced with the Eta/CPTEC model forecasts
(Experiment I), with local observations (Experiment III), as well as a combination of obser-
vations and forecasts (Experiment II). The quality of forecasts is evaluated by comparing
the 10-m observed wind at five weather stations in the region, with the forecast wind aver-
aged over the four grid points that surround each weather station. Two error measures are
employed: one is the percentage of cases with agreement in the 8—sector wind direction,
i.e. the hit rate (HR), and the other is the root-mean-squared error (RMSE) of the horizontal
wind components. As an additional and qualitative measure of verification, the vertical veloc-
ity field forecast by the model is compared to the cumulus cloud distribution of a satellite
image.

In Experiment I the BLM is forced with the Eta 850-hPa wind forecasts at the upper
boundary and the Eta surface temperature forecasts at the lower boundary. The BLM wind
forecasts are substantially better than the Eta wind forecasts. The BLM RMSE is about 50%
smaller, and the HR is more than three times greater, than the corresponding Eta forecasts.
The river-land temperature differences forecast by the Eta model are always greater than
the observed ones, the consequence of which is a degradation of the wind direction forecast,
since the excessive thermal forcing creates a stronger than normal inland wind component
during the afternoon. In view of this problem, Experiment II defines the surface forcing
as a function of the observed temperature difference between Ezeiza (land) and Pontén
Recalada (river) weather stations. The wind direction forecast is significantly better in the
afternoon, although it is accompanied by a small degradation of the wind-speed forecast. On
the other hand, the degradation of the wind direction forecast by the evening is larger than in
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Experiment I, indicating that the forecast improvement achieved during the first hours cannot
be sustained with time.

Experiment III is designed to validate the BLM forecasts when forced exclusively with
observations. The lower boundary condition is the same as in Experiment II, while the upper
boundary condition is taken from the 0900 LST Ezeiza radiosonde sounding at the three
standard levels within the boundary layer, i.e. 850, 925 and 1,000hPa. When the 850 and
925 hPa levels are used, the forecast results are not better than those of Experiment I. Instead,
the 1,000-hPa level provides the best result since the error measures are the minimum of all
experiments. The South Atlantic anticyclone has a strong influence over the La Plata River
region and its temperature inversion defines the top of the boundary layer. The morning
sounding reveals that most of the time the temperature inversion is below 925 hPa, and
this may be the reason why the best result is obtained when forcing the model at the upper
boundary condition with the 1,000-hPa data.

The BLM forecasts show greater degradation with time when the boundary conditions are
defined exclusively from the observations. On the other hand, when they are defined exclu-
sively from the Eta forecasts, the 12-h forecasts are more accurate than the 6-h forecasts.
This result clearly indicates the advantage of using the Eta model outputs for defining the
boundary conditions for longer lead BLM forecasts.

Although the short lead forecasts improve when forcing the BLM with observations, this
case has operational disadvantages. Since the model is forced with the only daily radiosonde
sounding at 0900 LST, the synoptic scale changes that may take place during the forecast
period are ignored. Also, the necessity of specifying the lower boundary forcing as a func-
tion of time would require a forecast of the land-river temperature difference, so that an
additional uncertainty may affect the final result. In any case this method would allow for
a 12-h forecast for the rest of the day, but, on the other hand, the use of 48-h Eta model
outputs for forcing the BLM allows for a forecast with 1 day in advance, i.e. 36-h lead
forecast.

As an additional measure of verification, the vertical velocity field forecast by the model
is compared to the cumulus cloud distribution of a satellite image, in order to have a regional
scale assessment of the model simulation. The result shows a good agreement between the
spatial patterns in most parts of the region, i.e. cuamulus cloud areas (cloud free areas) coincide
with the areas where the model predicts upward (downward) motion.

The improvement of the low-level wind forecast obtained with the BLM model, in compar-
ison to the Eta model forecast, is not a straightforward consequence of the higher horizontal
resolution of the former, in terms of grid spacing. An additional experiment is performed
in which the BLM is forced at the lower boundary with the Eta model surface temperature
forecasts, with the following consideration. The Eta model outputs are simply interpolated to
the BLM resolution, i.e. ignoring the coastal geometry as in all other experiments. The result,
although representing a minor improvement over the Eta forecasts, is far from achieving the
performance of Experiment I. It is clear that the advantage of using the BLM model for
forecasting the low-level wind field over the La Plata River region is the result of a more
appropriate definition of the land-river surface temperature contrast. The particular formula-
tion that the BLM model has for the geometry of the river coasts is fundamental for resolving
the smaller scale details of the low-level local circulation.

Despite the large errors in the surface winds displayed by the Eta forecasts, its 850-hPa
wind and surface temperature forecasts are able to drive the BLM model to obtain surface
wind forecasts with smaller errors than the Eta model. Thus, the main conclusion of the study
is that operational low-level wind forecasts for the La Plata River region can be improved by
forcing the BLM model with the Eta operational forecasts.
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