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Abstract

The data assimilation technique, known as 3DVAR, of the WRF mesoscale modeling system has
been used in order to perform the impact analysis of meteorological data assimilation in the
weather forecasts over the Rio Grande do Sul State in Brazil. The consistency of the data assimila-
tion has been analyzed by investigating and evaluating the model forecast results processed with
and without data assimilations. Two different procedures of data assimilation have been con-
ducted to perform the study. The forecasts of the accumulated rainfall model variable, spatially
plotted over the model integration domains, have been compared and validated against the Trop-
ical Rain Measuring Mission (TRMM) satellite based data, as well as with the Cangucu city meteo-
rological radar reflectivity data. The comparison has been made considering the total amount of
the accumulated rainfall predicted by the model against the automatic weather station data and
most of the conducted processing presented compatible results. It has also been observed that, the
inclusion of assimilated data enabled an improvement in the intensity as well as in the location of
the main convective cell. The radar reflectivity field showed a significant performance in all
processed experiments with data assimilation. However, for some regions, more significant ob-
tained results have been shown to be the case in which the spectral radiances were assimilated, as
compared with the case in which the spectral radiances were not included. The evaluation of the
vertical atmospheric profiles of temperature and dew point temperature showed only a small im-
pact of data assimilation. However, both simulations coherently presented the two vertical pro-
files, when compared with the observed profiles. In short, the study shows that, although the fore-
casts presented some inconsistencies in the evaluated results, the 3DVAR assimilation improves
significantly the forecasting of the Weather WRF model.
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1. Introduction

Atmospheric convective activities may be intensified by the topography and local wind circulations that, under
favorable environmental conditions can cause intense precipitation and severe weather conditions in a time span
of few hours [1]. Atmospheric condition changes that may occur in a short time period, combined with the great
variability of the precipitation variable in time and space, contribute to stickling on its forecast by mesoscale
models.

The rainfall data measurements can be locally made at observational points, through collections in rainfall
networks. They can also be done or indirectly retrieved based on inference techniques using measurements made
by remote sensors and sounders, such as surface microwave sounders, radar and satellites onboard instruments.
Remote sensing provides, with no doubt, the most appropriate tools to get rainfall estimates over large areas es-
pecially over inhospitable regions and vast oceans.

It is worth to emphasize that advancement of space technologies in the area of remote sensing has been pro-
viding high spatial resolution satellite data to major meteorological operational centers. This fact, associated
with the numerical model assimilation techniques has been causing a great positive impact on forecasting of the
numerical models. According to [2], the main approaches developed in the modeling area comprise the assimila-
tion of data retrieved by spectral radiances, as well as by assimilating the proper spectral radiance. In retrievals
procedures, the assimilation is done with a set of geophysical parameters such as vertical profiles of temperature
and humidity, which are commonly used in the data assimilation system (DAS). The geophysical parameters re-
trieval procedures, from satellite spectral radiances data, involve a highly non-linear estimation process, in the
solution of the ill-posed problem and require a priori information or support data. The best alternative is to use
the satellite radiances data directly in the DAS. This approach is presented as an improvement in satellite data
assimilation and assimilations are directly made in the radiation physics of numerical models. In this case, con-
sidering that spectral radiances errors are independent, stationary and uncorrelated with the forecast, they are
more justified than the assimilation of data retrieved. One way to overcome the problems of radiance data assi-
milation is to use the variational methods 3DVAR or 4DVAR (Four-Dimensional Variational) [3]. The proce-
dures have been the fundamentals resources used by major operational meteorological centers, as described by
[4] and [5]. However, this technique involves the use of the radiative transfer scheme as the observation operator,
which interpolates the data of the observations to the physical space of the numerical model.

Recently, the WRF model has been used for heavy rainfall forecasts by the scientific community in Brazil. [6]
showed that the WRF model identifies very consistently the observed maximum core of precipitation convective
cell, for a period of 24 hours, with forecasting values quite compatible to those observations in the Southern
Brazil. In the present work the evaluation is made to present the impacts of spectral radiances and meteorologi-
cal observations data assimilations, made with the WRF/3DVAR modeling system. The main results are pre-
sented for a case of heavy rainfall occurring in the city of Porto Alegre—RS. This event, in a six-hour period,
showed the occurrence of rainfall of about 56 mm—equivalent to 50% of the monthly historical average—which,
according to the INMET, is 100.10 mm. The rainfall reached its highest intensity between the 20:00 h and 22:00
h time period of January 7, 2013. During this time period the automatic station of the INMET registered 38.0
mm of accumulated rainfall. The large volume of rainfall caused and generated great inconvenience to the pop-
ulation; various points of flooding in the city, as recorded by the Public Company of Transportation and Circula-
tion (EPTC); and the interruption of electricity supply in a large area of the city.

2. Material and Methods

The region of study encompasses the entire Rio Grande do Sul State (RS-Brazil), covering the area located be-
low the Tropic of Capricorn, between latitudes 27°03'42"S and 33°45'09"S, and longitudes 57°40'57"W and
33°45'41"W; with the main focus over the Metropolitan Region of Porto Alegre city, as illustrated in Figure 1.
A severe weather event analysis has been made using high resolution infrared channel satellite image of the
GOES-13; surface meteorological synoptic charts of the Navy Hydrographic Center; analysis data from the GFS
(Global Forecast System)/NCEP (National Center for Environmental Prediction) model; TRMM (Tropical
Rainfall Measuring Mission) satellite data and the simulations forecasts results of the WRF and WRFDA mod-
eling system. The WRF model has been integrated, taking the 0.5 degree space resolution analysis and forecast-
ing of the GFS global model, with spatial resolution of 0.5 degrees as initial and boundary conditions. The in-
vestigations have been made with 3DVAR assimilation of the data including the surface meteorological va-
riables data collected by the INMET (National Institute of Meteorology) automatic surface stations network;
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Figure 1. Area of study, focusing the RMPA.

upper air radio-soundings; buoys and ship (ship) data; wind satellite data (SATOB); metar and synop data. The
spectral radiances AMSU-A (Advanced Microwave Sounding Unit-A); AMSU-B (Advanced Microwave Sound-
ing Unit-B); HIRS-3 (High Resolution Infrared Sounder-3) and HIRS-4 (High Resolution Infrared Sounder-4)
satellite data have also been used in the assimilation processes.

2.1. Data Assimilation System

The Data Assimilation System produces an estimate of the atmospheric conditions at a time given instance re-
ferred as analysis. It is obtained throughout all available information of the atmospheric state from earlier ob-
servations and forecasts data-which are the first approach. It also incorporates the information regarding their
errors and the laws of atmospheric physics [7].

The WRF system integrates a set of variational data assimilation software called WRFDA, and incorporates
the 3ADVAR/ADVAR modules. In the present conducted research it is used the 3DVAR module. The variational
data assimilation technique makes an adjustment to the meteorological variables, to minimize the difference
between the adjusted and the observed fields, throughout an iterative process. This is made considering the
physical assumptions as restrictions to the atmospheric flow, to obtain a dynamic equilibrium. The minimization
procedure is performed through the cost function (J) as described by [8] and is based on Bayesian probability
theory. Mathematically the function is expressed as:

J(x) :%(x— xb)T B™(x- xb)+%(y0 —H (xb))T R(y, —H (%)) (1)
where x represents the observation, x, the background field (or support field); vy, the initial estimate; H the
observation operator; B the covariance matrix error estimate, and R is the covariance matrix of the observation
errors. The covariance matrix error estimate B is the most important part of the variational analysis method, in
order to determine the rate of impact and the increments distribution ratios of the analysis.

Figure 2 presents a general flowchart summary of the 3DVAR system used by WRF. The prediction support
or background field results from the model product itself, integrated for a short term period. The preprocessor
provides the observations y,, to be ingested by 3DVAR. The 3DVAR_OBSPROC module has distinct basic
functions. It reads the observational data, in a format known as LITTLE-R [9]; performs the spatial and temporal
verification of the observed data; get the heights, the observations in pressure coordinates; eliminates duplicated
data and select the observations, which have different values at different times. In addition, it estimates the er-
rors of each observation and produces data in a format suitable for further processing of WRF.

The statistics of the support error covariances are used in the cost function of 3DVAR to weight the errors
associated with the supporting field. The assimilation system filters the support structures and observation,
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Figure 2. 3BDVAR system fluxogram. [11].

which have high relative errors to those known more correctly. In fact, the mistakes of support fields are syn-
optically dependents, in other words, vary from day to day depending on weather conditions and situation [10].
After verifying that all files are consistent, WRFVAR is processed generating an output, wrfvarout, which is
used as wrfinput. Thus, it produces a new initial condition (IC), with assimilated data, for the integration of the
WRF model. The increments of the analysis have been checked using plotting of some meteorological fields, to
explore the impact of data assimilation. This process can also be done using procedures which determine the
difference between IC with and without data assimilation. The new ClI and CF (boundary condition), generated
by the WRFVAR system, are used by WRF model to make forecasts with data assimilation.

2.2. Model Configuration and Processing

The non-hydrostatic mesoscale atmospheric model WRF has been configured with four nested domains-cove-
ring the area of integration depicted in Figure 3. The parameterizations used in the model are presented in Table
1. The horizontal space resolution; the number of horizontal grid points; as well as the vertical number of ETA
levels and the top pressure level established to the model are shown in Table 2. The numerical integrations have
been performed for 48 hours. The start time has been set aside for each simulated event and 27 seconds time step
has been used for most of the processed cases. It is noteworthy that the small time step was necessary to avoid
the CFL [12] problem, proved as critical in the event of very heavy rainfall. The simulations were performed on
a cluster with a total of 36 parallel processors.

Initially the model processing has been performed using, as initial and boundary conditions, the numerical
predictions of the GFS/NCEP model data, which will henceforth referred as WRF. In sequence, the model
processing has been performed with the assimilation of: SYNOP data types, METAR, TEMP, SATOB, SHIP,
BUOY, PILOT, AIREP, RADAR and automatic weather stations surface of the INMET network—which will
be henceforth referred to as WRFVAR_1. The third types of processing, hereinafter referred as WRFVAR_2,
were similar to the second one, except that they include the assimilation of satellite spectral radiance data.

2.3. Weather Meteorological Radar

The Doppler weather radar data used has been collected by the station installed at Cangucu-RS city, located at
coordinates 31°24'14"S and 52°42'06"W and 466.57 meters above mean sea level. It operates in S band (2.7 to 3
GHz), with a wavelength of 10 cm, operating with microwave beam angle of approximately 2°. This radar
makes the scanning every 15 minutes and operates 24 hours a day. Figure 4 shows the radar coverage for a
range of 400 km. It is operated by the Department of Airspace Control (DECEA) and under an agreement with
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Figure 3. WRF model integration domains.

Figure 4. Cangugu radar coverage area for a
beam of 400 km.

Table 1. Parameterizations utilized in the processing.

Parameterizations

D1 D2 D3 D4
Microphysics Thompson et al. Thompson et al. Thompson et al. Thompson et al.
Convection Kain-Fritsch - - -
Radiation LW RRTM RRTM RRTM RRTM
Radiation SW Dudhia Dudhia Dudhia Dudhia
PBL Mellor-Yamada-Janjic ~ Mellor-Yamada-Janjic ~ Mellor-Yamada-Janjic ~ Mellor-Yamada-Janjic

Table 2. WRF configuration general characteristics.

Horizontal Grid Resolution

General Simulation Characteristics D1 D2 D3 D4
(18 km) (6 km) (2 km) (1 km)
Horizontal Number of Grid Points 115 x 94 187 x 157 238 x 196 289 x 256
Vertical Levels 35 35 35 35
Model Top 50 hPa 50 hPa 50 hPa 50 hPa
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the National Institute for Space Research (INPE) the raw radar data is processed. In the processing procedure the
data are provided in CAPPI format (“Constant Altitude Plan Position Indicator”), for 15 vertical levels, from 2
km to 16 km height. The obtained CAPPI product from the radar reflectivity, are collected for each azimuth and
elevation. At the end of the electronic scanning process, the three-dimensional radar data volume is obtained;
providing the entire vertical profile of radar reflectivity, in dBz, within the coverage area. After setting the
height levels the interpolation is made with information, contained in each of elevations of the PPl (“Plan Posi-
tion Indicator”), thus forming a reflectivity field for a constant altitude plan. As the horizontal resolution of the
radar data (1 km by 1 km) is greater than the first 3 domains of the model, they have been properly processed, to
get displays compatible with the model space resolution.

2.4. Satellite Data

The satellite observations are considered as primary sources of information for NWP models. Currently the sa-
tellites products have been proved as quite satisfactory to meteorology, especially due to the associated technol-
ogical instruments advances as well as pre-processing systems; besides for being the major data source of me-
teorological data products especially for the nowadays model assimilation systems. As an example it is men-
tioned the METOP satellite, on board of which allows it to provide high spectral resolution sensor data with
thousands of spectral channels. These sensors have been allowing the temperature and humidity profiles retriev-
als with very high accuracies. In the present presentation and development it has been used the AMSU-A,
AMSU-B, MHS, HIRS-3, HIRS-4, instruments data.

3. Results and Discussion

The high space resolution GOES13 infrared channel satellite image sequence, presented in Figure 5, shows a
squall line drifting toward the southernmost state of Brazil during the dusk and evening of January 07, 2013.
The image sequence also presents a convective system intensifying in a short time period and rapidly reaching
the state of Rio Grande do Sul, including the metropolitan area of Porto Alegre capital city (MAPA).

Figure 5. GOES-13 IR satellite image sequence.



L. R. Macedo et al.

The divergence and the wind magnitude at 250 hPa level fields are shown in Figure 6 and Figure 7, respec-
tively. In Figure 6, a strong diffluent flow can be seen over the North, Midwest, Southeast and Northeast Brazil,
in addition to northern Argentina, Paraguay and the southern part of Brazil. This diffluent flow intensified the
lifting of the air column of the lower layers of the troposphere. Also, in the divergence field, it is possible to ob-
serve a trough, whose axis is positioned in the northwest/southeast direction, extending over the north of Chile
to the region near the province of Buenos Aires, Argentina. The forefront of this trough is bypassed by a branch
of Subtropical Jet (JST), as shown in Figure 7. The JST presence, with the trough, contributed to the diffluent
flow intensification in the northern Argentina, Uruguay, Paraguay and southern Rio Grande do Sul, favoring the
intensification of convection on these areas, as shown in satellite images.
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Figure 6. Streamlines and divergence field at 250 hPa for 12 UTC on January 7™
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Figure 7. Streamlines and wind magnitude at 250 hPa for 12 UTC on January 7"
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The Figure 8 shows the relative vorticity and streamlines at 500 hPa; where an anticyclone can be observed
centered near 20S/52W. This subsidence causes a system, which hinders the formation and vertical development
of clouds. Note, in addition, the presence of a trough extending from Chile to Buenos Aires. The East of this
trough is observed a negative vorticity, which acts also over large part of the Rio Grande do Sul state, thus indi-
cating severe storms in the higher levels. The relative humidity, temperature and power lines are represented at
850 hPa in Figure 9. This figure also shows a part of the anticyclonic circulation in the Atlantic, near 31S/25W,
this movement acts on large part of the continent north of 40S, and influences the performance of the anticyc-
lone Subtropical surface. Note the presence of low level jets (LLJ) extending from the southern state of Acre to
northern Argentina. These jets intensify the advection of warm and moist mass of lower latitudes in the Southern
region of Brazil, Uruguay and northern Argentina, also intensifying the standard thermodynamic on these areas.
This behavior associated with the trough of the middle and upper troposphere, and JST in altitude favor the in-
stability of these areas.
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Figure 8. Relative vorticity and streamlines field at 500 hPa for 12 UTC on January 7.
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Figure 9. Relative humidity, temperature and streamlines field at 850 hPa for 12 UTC

on January 7"
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The impact of model data assimilation over the precipitation fields are shown in the results of the three simu-
lations carried out (WRF without data assimilation, and WRFVAR_1 WRFVAR _2 with data assimilation) in
Figures 10(a)-(c) the accumulated precipitation fields for 6 hours period-including the period of the 18:00 Z of
the January 7 to 00 Z of January 8, 2013. According to the automatic meteorological data network stations of the
National Institute of Meteorology (INMET), the city of Porto Alegre accumulated, during this period, around 56
mm of rainfall. Analyzing the three processing results, it has been possible to notice that all processing showed
uniform performance, with precipitation cores varying from 40 mm to 80 mm. For the precipitation cores be-
tween 80 mm and 160 mm there were a time lag in the system, while the processing WRFVAR _1 (Figure 10(b))
shows the cell Northwest the WRF processing (Figure 10) and WRFVAR_2 (Figure 10(c)) indicate the same
precipitation cell over the center of the state. The WRFVAR_2 simulation was unable to detect the core of rain-
fall between 140 mm and 160 mm as provided by other processing, while the simulation of the WRF did not
detect the cores of precipitation between 80 mm and 100 mm over the western part of the state, as detected by
the simulations with data assimilation (as circled in Figures 10(b)-(c)). The analysis over a single local point of
the state, closest to the observed precipitation has been given by the WRFVAR_1 simulation, with values
around 45 mm.

The accumulated rainfall fields for the 24-hour period were also evaluated, using as a basis for comparison
the estimated TRMM data (Figure 11). The forecasts with distinct initial conditions for January 7" at 12 UTC to
January 8" at 12 UTC are shown in Figures 12(a)-(c). This figure show that both processes (WRFVAR_1 and
WRFVAR_2) have presented an increase in the intensity of precipitation cores in relation to prognosis without
data assimilation shown in Figure 12(a); thus contrasting to the work of [13], where the results showed that the
data assimilation technique 3DVAR not performed well over the intensity and location of convective cells. Both
simulations forecasts compared with the TRMM data, super estimate precipitation values. This, eventually re-
sults, due to the possibly of the TRMM satellite data do not show a temporal frequency consistent with the occur-
rence of rainfall. The comparison between the observed reflectivity (Figure 13) and simulated (Figure 14) was
done for the day January 7", 2013 at 18:00 UTC. The values of the observed reflectivity are significant in the
east/southeast and southwest of the radar range area sector. It was observed that both simulations have shown
consistency with the observed reflectivity; thus opposing to [7] previous work, which assimilated radar reflectivi-
ty data using 3DVAR system with MM5 model, and found that there were no significant improvements to the
simulation of the reflectivity fields. In Figure 14, there are reflectivity points consistent with what have been ob-
served mainly near the regions of Cangucu, Bagé, Pelotas and Rio Grande, in both processing with data assimila-
tion. The WRFVAR _1 processing presented points, closer to that observed near the city of Bagé. In the Southeast
of the state, the simulations underestimated the reflectivity values when compared to the observed one. The ver-
tical temperature (T) and dew point temperature (TD) profiles for the city of Porto Alegre have been analyzed,
using skew-T thermodynamic diagram as shown in Figure 15 and Figure 16 respectively, to evaluate the WRF
model ability to simulate the vertical profiles and also, to see if there are any improvement when simulations are
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Figure 10. Accumulated rainfall in 6 hours from January 7" at 19:00 UTC to January 8" at 00:00 UTC for simulations with
distinct data sources (a) WRF; (b) WRFVAR_1; (c) WRFVAR_2.
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Figure 11. TRMM accumulated rainfall field for the time span of 24 hours for January 7, 2013.
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Figure 12. Accumulated rainfall in 24 hours from January 7" at 12:00 UTC to January 8™ at 12:00 UTC for simulations with
distinct data sources (a) WRF; (b) WRFVAR_1; (c) WRFVAR_2.

made with data assimilation. The comparison of the WRF simulations without, and with data assimilations of
conventional observational data (WRFVAR_1) as well as of radiance data (WRFVAR_2) has been made. The
simulation results for January 8", 2013 (00:00 UTC) are shown in Figure 15. It is possible to note that the ob-
served profile of TD presented thermal inversion level near 500 hPa and between the 200 hPa and 100 hPa at-
mospheric layer. Note that WRF model with and without data assimilation was able to depict quite well the
thermal inversions which occur between the 200 hPa and 100 hPa layer. The profile without data assimilation
presented a small inversion near the surface and 650 hPa, which have not been presented in the observed sound-
ing. On the other hand the profile with assimilation WRFVAR_1 case, has shown inversions near 800 hPa and
700 hPa, which also have not been presented in the observed profile. The profiles of WRFVAR_2 radiance data

()
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Figure 13. Cangugu radar reflectivity field for 19:00 UTC.
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Figure 14. Reflectivity fields for January 7" at 18:00 UTC for simulations with distinct data sources (a) WRF; (b)
WRFVAR_1; (c) WRFVAR_2.

assimilation case, on the other hand, showed significant levels of inversions between 500 hPa and 400 hPg;
which are quite strong if compared with the observed values. However, its symmetry has been maintained dur-
ing the development of the profile between the levels of 1000 hPa and 600 hPa. Between the 200 hPa and 100
hPa levels, similar values have been observed in all simulations. As shown in Figure 16, the vertical tempera-
ture profile (T) for January 8", 2013 (00:00 UTC), presented good consistency compared to the observed profile.
However, in the surface and mid-levels, the simulated WRF and WRFVAR_1 cases presented over casting, and
down-casting for WRFVAR_2 processing.

In Figure 16(b), it can be inferred that the profile, with the inclusion of WRFVAR_1 data assimilation, be-
tween the layers of 700 hPa and 500 hPa presents results very close to the observed values. This situation, for
WRFVAR_2 simulation, only occurs between the 700 and 600 hPa levels. On the other hand, the profile without

(=)
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Figure 15. Dew point temperature vertical profiles for January 8" at 00:00 UTC for Porto Alegre. The black line represents
the observed values and the gray line represents the simulated values.
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Figure 16. Temperature vertical profiles for January 8™ at 00:00 UTC for Porto Alegre. The black line represents the ob-
served values and the gray line represents the simulated values.

data assimilation, WRF case, and this proximity is close to 600 hPa and 500 hPa. Although it is possible to note
that the observed profile presented, at high levels, heat exchange between the 200 hPa and 100 hPa layers-that
compared with the simulated profiles shown in Figures 16(a)-(c) it is clear that it was best represented by the
simulation with the data assimilation WRFVAR_1.

4. Conclusions

This presentation is restricted to the case of a storm weather condition during the period of January 7™ to 9™,



L. R. Macedo et al.

2013. In this period, the accumulated rainfall registered values for Porto Alegre town were very significant.
Through the analysis of simulations for the period of 24 hours it was possible to infer that in general, the assi-
milated data insertion in the rainfall fields shows a positive impact. Also referring to the positioning of the con-
vective cells, it is very clear that the technique is effective.

For reflectivity field it was possible to observe that both simulations with data assimilation have presented
coherent results to the observed reflectivity. With respect to the vertical profiles for the temperature and the dew
point temperature, it can be inferred that both variables have been well represented on three simulations. It is
pointed out that some characteristics of the vertical profiles highlight the use of the data assimilation for show-
ing better results.
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