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ABSTRACT

Meteorological application of Global Navigation Satellite System (GNSS) data over Brazil has increased
significantly in recent years, motivated by the significant amount of investment from research agencies.
Several projects have, among their principal objectives, the monitoring of humidity over Brazilian territory.
These research projects require integrated water vapor (IWV) values with maximum quality, and, accord-
ingly, appropriate data from the installed meteorological stations, together with the GNSS antennas, have
been used. The model that is applied to estimate the water-vapor-weighted mean tropospheric temperature
(Tm) is a source of uncertainty in the estimate of IWV values using the ground-based GNSS receivers in
Brazil. Two global models and one algorithm for Tm, developed through the use of radiosondes, numerical
weather prediction products, and 40-yr ECMWF Re-Analysis (ERA-40), as well as two regional models,
were evaluated using a dataset of ~78 000 radiosonde profiles collected at 22 stations in Brazil during a 12-yr
period (1999-2010). The regional models (denoted the Brazilian and regional models) were developed with
the use of multivariate statistical analysis using ~90 000 radiosonde profiles launched at 12 stations over a
32-yr period (1961-93). The main conclusion is that the Brazilian model and two global models exhibit
similar performance if the complete dataset and the entire period are taken into consideration. However,
for seasonal and local variations of the Tm values, the Brazilian model was better than the other two models
for most stations. The Tm values from ERA-40 present no bias, but their scatter is larger than that in the
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other models.

1. Introduction

Using Global Navigation Satellite System (GNSS)
data collected by ground-based receivers to determine
the amount of integrated water vapor (IWV) has pro-
vided good quality data with high temporal resolution to
the research community (Bevis et al. 1992; Rocken et al.
1997; Emardson and Derks 2000; Deblonde et al. 2005).
The application of this technique using GNSS receiver
networks produces measurements of the total-column
water vapor content of the troposphere over the entire
globe. The IWV values from GNSS data have been used
with success to evaluate the quality of data from other
instruments, such as photometers (Ingold et al. 2000;
Sapucci et al. 2007), radiosondes (Deblonde et al. 2005),
and radiometers (Liou et al. 2001; Van Baelen et al. 2005
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and others), or to validate numerical weather prediction
(NWP) models (Guerova et al. 2003) or methods for
obtaining GNSS IWV estimates in real time, such as that
of Dick et al. (2001).

There are several developing research projects that
aim to monitor the humidity over Brazilian territory
using a network of ground-based GNSS receivers. This
network has been made denser over recent years. Two
projects for increasing the network density should be
mentioned: the GNSS-SP (Sao Paulo State GNSS net-
work) project, involving local networks in the Sao Paulo
State (Monico et al. 2009), and the Integrated System of
GNSS Positioning for Geodynamic Studies (SIPEC)
project, aimed at areas of difficult access in Brazil, such
as forests in the Amazon region and islands along the
Brazilian oceanic coast. The CHUVA project (infor-
mation online at http:/chuvaproject.cptec.inpe.br/portal/
noticia.ultimas.logic?i=en) has performed several ex-
periments in different parts of Brazil. The main objec-
tive is to understand the physical processes that occur
inside clouds during storms. The GNSS receiver network
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has been used in these experiments to provide IWV
series with good quality and high temporal resolution,
which are used to monitor the horizontal variations in
the integrated water vapor before, during, and after
heavy precipitation events. Another project in de-
velopment applies a dense GNSS meteorological net-
work to track water vapor advection and to identify
convective events and water vapor convergence time
scales in the Amazon region (Adams et al. 2011). All of
these research projects require IWV values with maxi-
mum quality, suitable for possible use in any of these
meteorological applications, and, thus, considerable ef-
fort has been made to minimize the error in the IWV
retrieval technique using GNSS data. The main sources
of uncertainty in this technique are 1) GNSS data pro-
cessing, 2) appropriate meteorological observations at
the GNSS antenna locations, and 3) suitable modeling
of the water-vapor-weighted mean tropospheric tem-
perature (Tm) (Emardson and Derks 2000). The latest-
generation scientific software, such as the GNSS-Inferred
Positioning System and Orbit Analysis Simulation Soft-
ware package (GIPSY) and the Orbit Analysis Simula-
tion Software (OASIS), collectively known as GOA-II
(Gregorius 1996), and GPS Analysis at the Massachusetts
Institute of Technology (GAMIT; Herring et al. 2012),
has been used in the processing of the GNSS data col-
lected in the mentioned experiments, together with
observations from specially installed meteorological
stations linked to the GNSS receivers. To minimize
the remaining sources of uncertainty, this paper studies
the impact of existing Tm modeling on the quality of the
IWYV values obtained from ground-based GNSS receivers
over Brazilian territory and identifies the most suitable
models. This possible improvement in Tm modeling can
have positive consequences for NWP or climate studies
in this region, where long-term time series of IWV with
better quality data will be available.

The application of GNSS to the quantification of IWV
began with the studies performed to try to minimize the
influence of the variation in the index of refraction along
the electromagnetic signal propagation path through the
atmosphere. A relationship between the amount of at-
mospheric water vapor and the delay in the electromag-
netic signal propagation was demonstrated (Askne and
Nordius 1987). This early work led to a method for esti-
mating the IWV values from the zenith tropospheric delay
(Bevis et al. 1992). The quantity Tm (Davis et al. 1985) is
an approximation of the relationship between the hu-
midity and temperature profiles; consequently, the accu-
racy of the GNSS estimates of the IWV is directly related
to the accuracy of Tm (Bevis et al. 1994). Because Tm
depends on the vertical profiles of temperature and hu-
midity, it varies from region to region as well as seasonally,
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and, therefore, a long-term radiosonde dataset is neces-
sary to assess its real variability. The Tm values can be
estimated from site-specific historical data using
means or statistical relationships from the measure-
ments at the surface (Ross and Rosenfeld 1997). Using
8700 radiosonde profiles collected at 13 U.S. stations
over a 2-yr period, Bevis et al. (1992) developed the
first Tm model, which estimates Tm from the observed
surface temperature by applying linear regression.
Similar Tm models to that of Bevis et al. and other
more sophisticated models were developed for several
regions, and other models were developed for the global
domain. Three versions of the Tm model were developed
for the European region using over 120000 radiosonde
profiles from 38 stations (Emardson and Derks 2000): the
first is based on a simplified physical model, the second
used polynomial regression, and the third is based only
on the seasonal variation in Tm. Mendes et al. (2000)
presented a global model based on a linear regression
using ~32500 radiosonde profiles from 50 dispersed
stations over the entire globe for the year 1992. A com-
parison of this global model with other European models
suggested by Emardson and Derks (2000) indicated that
results of similar precision are obtained by both types of
models in the European region (Mendes et al. 2000). In
addition to developing models from radiosonde datasets,
atmospheric profiles from a NWP model have also been
used in Tm modeling. Schueler et al. (2001) used global
fields from numerical models of the National Centers for
Environmental Prediction (NCEP) and proposed three
global models: the harmonic model, the linear surface
temperature model, and the mixed harmonic-temperature
model. The results of the evaluation demonstrated
that IWV values with a satisfactory degree of accuracy
(range of 0.2-0.3kgm ?) can be obtained from GNSS
data anywhere in the world by the application of the
mixed harmonic-temperature model (Schueler et al.
2001). For example, this mixed model has been used in
the analysis of GNSS IWYV data in India (Jade et al. 2005).
Reanalysis data have also been used in Tm modeling. The
Tm values have been estimated using temperature and
humidity profile data from both the 40-yr European
Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis (ERA-40) and the NCEP-National Center
for Atmospheric Research (NCAR) reanalysis (Wang
et al. 2005). Verification against a global radiosonde da-
taset demonstrated that both reanalyses produced rea-
sonable Tm estimates; however, the ERA-40 dataset was
concluded to be a better choice for global Tm estimation
because of its superior performance and its higher spatial
resolution (Wang et al. 2005). The Tm modeling using
ERA-40 reanalysis has been used in work involving the
evaluation of the IWV fields from the NCEP-NCAR
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reanalysis using one decade of postprocessed Global
Positioning System (GPS) data (Vey et al. 2010).

The present paper compares the quality of the Tm
values generated from the existing global models and
from two new regional models over Brazil. These re-
gional models were developed using multivariate sta-
tistical analysis applied over ~90 000 radiosonde profiles
launched at 12 Brazilian stations during the period
from February 1961 to May 1993. An independent set
of ~78000 radiosonde profiles collected in Brazil at
22 stations during the period from 1999 to 2010 (12 yr) was
used as an independent verification dataset. The global
and regional models evaluated are described, and in-
formation about the temporal and spatial distributions
of radiosondes used in the evaluation of available
models over Brazil is presented in section 2. In section 3,
the methodology used to evaluate the models and
the results obtained are presented. A summary of the
work and the conclusions are presented in section 4.
Appendix A presents the role of the water-vapor-
weighted mean tropospheric temperature in the IWV
quantification from GNSS data, and appendix B the
dataset and the methodology used in the regional
modeling of Tm over Brazil are described, and two
models are proposed.

2. Models evaluated and datasets employed

The value of Tm can be extracted from the values for
the air temperature (7)) and the partial pressure of the
water vapor (e) at each level (4) of the atmospheric
profiles as follows:

A (1)
[

which is the solution presented by Davis et al. (1985) to
solve the dependence of upper-air profile information
upon the IWV values obtained from the GNSS data. The
role played by the Tm values in this process and their
derivation from the mean value theorem for integration
are demonstrated in appendix A.

The evaluated models are the linear regression sug-
gested by Mendes et al. (2000), the three versions de-
veloped by Schueler et al. (2001), the values based on
ERA-40, and two regional models (regional and Brazilian)
developed using ~90000 radiosonde profiles launched
over Brazil territory, which are hereafter denoted
MENDE, SCHU1, SCHU2, SCHU3, ERA-40, REGIO,
and BRAZI, respectively. More details about each model
are presented below.
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a. Global models evaluated

The global model presented by Mendes et al. (2000) is
based on a linear regression between the surface tem-
perature (Ts) and the Tm values, expressed by the fol-
lowing formula:

Tm = 0.789Ts + 50.4. )

The parameters were determined using ~32 500 radio-
sonde profiles from 50 stations, covering a latitude range
of 62°S-83°N, all launched in 1992. Seven stations used
in this model are located in Brazil.

Schueler et al. (2001) used global NWP fields from
NCEP to develop three global models. The first is
a harmonic model based on an average mean atmo-
spheric temperature (Tm) and on the amplitude of the
annual cycle of mean temperature (Tm), which is spe-
cific for each station. The values provided by Brazilian
stations were used here; however, the tabulated value of
Tm is zero at Brazilian stations (Schueler et al. 2001),
and, consequently, this model yields a constant value
(Tm = 275.85). The second model is based on a linear
regression between the surface temperature and the Tm
values. This second model is given by the expression

Tm = 0.647Ts + 86.9. ?3)

The third model is a combination of the previous ap-
proaches, which yields the mixed harmonic and surface
temperature model. The Tm values at the requested day
of the year (DoY) can be expressed by the equation

DoY — DoYw

Tm=Tm + Tmcos |27 — o
M= M A0S | 2365 25 (days)

+ qTTs, 4

where DoYw is the day of “maximum winter” (day 28
for the Northern Hemisphere and day 211 for the
Southern Hemisphere) and qT is an amplifier-weighting
term for the surface temperature (Schueler et al. 2001).
The methodology used to determine Tm employing
the temperature and humidity profiles from the ERA-40
reanalysis reported by Wang et al. (2005) is also evalu-
ated here. The comparison with radiosonde profiles was
conducted by applying vertical extrapolation and linear
horizontal interpolation of the reanalysis profiles in
Eq. (1), and the Tm values were determined at the ra-
diosonde locations (Wang et al. 2005). The average
temperature lapse rates for the first three levels and the
average humidity for the first two levels were used in the
vertical extrapolation. The ER A-40 reanalysis was used
instead of the NCEP-NCAR reanalysis because Wang
et al. (2005) demonstrated that the former exhibits better
performance and higher resolution than the latter.
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TABLE 1. Location, ID number, and number of radiosondes used in the modeling (in appendix B) and in the evaluation of the Tm models
over Brazilian territory.

Quantity of radiosondes

City, federal unit Station ID ‘WMO No. Lat Lon Elev (m) Modeling Evaluation
Belém, Para BELE 82193 1°22'S 48°28'W 16.0 5952 5356
Manaus, Amazonas MANA 82332 3°08'S 59°59'W 85.0 7577 6043
Fortaleza, Ceara FORT 82397 3°46'S 38°36'W 3.0 — 2135
Fernando de Noronha, Pernambuco FEDN 82400 3°51'S 32°25'W 56.0 2732 1308
Natal, Rio Grande do Norte NATA 82599 5°54'S 35°14'W 52.0 5426 3377
Porto Velho, Rondonia PORV 82824 8°46'S 63°55'W 85.0 — 2241
Recife, Pernambuco RECF 82900 8°03'S 34°55'W 7.0 — 2221
Alta Floresta, Mato Grosso ALFL 82965 9°52'S 56°06'W 288.0 771 —
Vilhena, Rondonia VLHE 83208 12°41'S 60°05'W 615.0 3036 3292
Salvador, Bahia SALV 83229 13°00'S 38°30'W 51.0 — 1781
Bom Jesus da Lapa, Bahia BJDL 83288 13°15'S 43°24'W 440.0 — 1807
Cuiaba, Mato Grosso CUAB 83362 15°39'S 56°06'W 182 — 4640
Brasilia, Distrito Federal BRAS 83378 15°52'S 47°55'W 1061.0 10780 4455
Caravelas, Bahia CARA 83498 17°44'S 39°15'W 4.0 — 1414
Corumba, Mato Grosso do Sul CORU 83554 19°00'S 57°40'W 142.0 — 2374
Belo Horizonte, Minas Gerais CONF 83566 19°37'S 43°58'W 827.0 — 3146
Campo Grande, Mato Grosso do Sul CAGR 83612 20°28'S 54°40'W 560.0 5311 4048
Trindade, Rio de Janeiro TRND 83650 20°30'S 29°19W 5.0 — 2393
Rio de Janeiro, Rio de Janeiro RDJA 83746 22°48'S 43°14'W 21.0 13613 6178
Sao Paulo, Sao Paulo SAPA 83779 23°30'S 46°38'W 792.0 10351 —
Curitiba, Parana CURT 83840 25°31'S 49°10W 908.0 10835 5899
Floriandpolis, Santa Catarina FLOR 83899 27°40'S 48°32'W 5.0 — 3650
Uruguaiana, Rio Grande do Sul URUG 83928 29°46'S 57°02'W 62.0 — 3820
Porto Alegre, Rio Grande do Sul POAL 83971 29°59'S 51°10W 47.0 13230 6517
Total 89614 78095

b. Regional models evaluated

Although the model proposed by Bevis et al. (1992)
used only radiosonde data from across the United
States, this model has been used in the application of
GNSS data to the quantification of IWV over other re-
gions (Ross and Rosenfeld 1997). However, Emardson
(1998) demonstrated the importance of regionalization
in Tm modeling. Liou et al. (2001) developed a model
specific to Taiwan and demonstrated that the relation-
ship between Tm and Ts is site dependent. Accordingly,
new Brazilian regional models of Tm have been created
using ~90 000 radiosonde profiles launched at 12 stations
over a 32-yr period from February 1961 to May 1993.
Multivariate statistical analysis was used to determine
which surface variables are most effective for predicting
the Tm values. The selected variables were pressure (Ps),
temperature (Ts), relative humidity (RH), and the zonal
(U) and meridional (V) wind components. Details about
the dataset and the methodology used in this modeling
are presented in appendix A, in which two models are
proposed. The first model is denoted the Brazilian model
and it can be expressed by the following formula:

Tm = 0.558Ts + 0.0105Ps + 110.578. 5)

The second model is denoted the regional model and it is
given by the expression

Tm = aTs + bPs + cRH + d, (6)

in which the values of the coefficients are listed in ap-
pendix B (see Table B3).

c. Dataset used in the evaluation

The radiosonde dataset used in the evaluation of the
models is from the meteorological database at the
Brazilian Center for Weather Prediction and Climate
Studies (Centro de Previsao do Tempo e Estudos
Climaticos, CPTEC). The sondes were launched at 22
stations during the period from January 1999 to August
2010. The total number of radiosondes used in the
evaluation is 78 095. The cities from which these radio-
sondes were launched are listed in Table 1, along with
the station identification number (ID) and coordinates
and the number of radiosondes launched from each site.
The stations located at Sao Paulo (SAPA station) and
Alta Floresta (ALFL station) were not included in the
evaluation because the data from these stations were
not available in CPTEC’s database. Figure 1 shows the
spatial distribution of all the radiosonde stations used.
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FIG. 1. Spatial distribution of radiosonde stations used in the
modeling (in appendix B) and in the evaluation of the Tm model
over Brazilian territory.

Figure 2 shows the temporal distribution of the data
used in the evaluation. The period of data collection at
each radiosonde station is also presented in Fig. 2, in
which the frequency and regularity of the observations
varies significantly from station to station.

3. Quality evaluation of the Tm model in Brazil
a. Evaluation methodology and analysis of the results

The radiosonde dataset was divided into two subsets
because the ERA-40 reanalysis is available only up to
2002. The first set consists of the period from 1999 to
2002 (a total of 15 677 radiosondes), in which all models
were evaluated. The second set consists of 78095 ra-
diosondes launched from 1999 to 2010, for which the
ERA-40 reanalysis was not evaluated.

The results from the different models plotted against
the Tm values from the radiosondes are shown in Fig. 3,
which represents a scatter diagram from evaluated
models for the two datasets into which the radiosondes
were divided. The bias, standard deviation (SD), and
root-mean-square error (RMSE) values using the Tm
from the radiosondes as a reference are presented in
Fig. 4. The bias values from the ERA-40 reanalysis and
the BRAZI and REGIO models are less than 1 K. The
SCHU3 and MENDE results exhibit a bias between —1
and —2, and for the SCHU1 and SCHU2 models, the
bias exceeds —6K. The SD values presented by the
different models are very similar (SD values are ap-
proximately 2K), except for ERA-40 and SCHUI,
which produced SD values of 3.5 K. The ERA-40 scatter
diagram can be assessed from Fig. 3b, which shows Tm
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values of lower precision than is found in the other
models. The dataset used to evaluate ERA-40 was as-
similated by this process; consequently, this reanalysis
would be expected to present better results. A possible
reason for this result could be the random error gener-
ated by the spatial resolution of ERA-40, which is not
able to assess the temporal and spatial temperature
variation closer to the radiosondes but is able to assess
the temperature variation on a larger spatial scale. An-
other reason could be the dependence of the ERA-40
moisture on the model physics. Because the SCHU1
model is based on a constant value, the scatter of this
model is dominated by the scatter of the Tm values from
the radiosondes. The RMS error values presented by the
REGIO and BRAZI models are similar and lower than
those of the other models (RMSE of 2.2 K). The MENDE
and SCHU3 models exhibit an RMS error of 29K, the
ERA-40 model exhibits an RMS error of 3.5K, and the
SCHU1 and SCHU?2 models exhibit RMS errors greater
than 7.0K.

With regard to the variability of the Tm values from
the radiosonde observations, used here as a reference,
another way to present the results is to use a Taylor
diagram (Taylor 2001). This diagram reveals the pat-
terns of similarity among the different models and ref-
erence observations (radiosondes), which are determined
in terms of the correlation coefficient, centered quadratic
difference (RMSD), and standard deviation values from
the radiosondes and the models. The same point on the
diagram can represent these three statistical measure-
ments. The radial distance from the origin is proportional
to the standard deviation. The RMSD between the
models and the radiosonde is proportional to their dis-
tance apart (in the same units as the standard deviation).
The correlation between the two fields is given by the
azimuthal position of the model evaluated. More details
about the Taylor diagram are given in Taylor (2001).
The first set of radiosondes was used to calculate the
values needed to create the Taylor diagram for the dif-
ferent models and the reanalysis, and the resulting
Taylor diagram is plotted in Fig. 5. The second dataset
was not used in this analysis because the reanalysis is not
evaluated in this case and the results from the other
models are very similar to those shown in Fig. 5. The
RMSD values from the SCHU2, REGIO, and BRAZI
models are lower than those from the other models
(RMSD of 0.63K), and the ERA-40 exhibits the largest
value (0.95K). The correlation coefficient is 0.75 for all
models except ERA-40, which has a correlation co-
efficient of 0.55. The standard deviation of SCHU3 is
lower than that of the other models (SD of 0.4 K). Figure 6
shows the Tm error from the models and the reanalysis as
a function of IWV, in which it is possible to determine
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FI1G. 2. Temporal distribution of the radiosonde dataset used in the evaluation of Tm modeling in a trimester.

how much of the differences between the models and the
radiosonde is due to variability in the amount of water
vapor. The results show that the uncertainty of the Tm
values is larger when the water vapor concentration is
lower, which is a result that confirms that for middle to
higher latitudes, where the temperature is lower and the
water vapor concentration is smaller, the Tm models are
less skillful. On the other hand, in this region, the skill of
the Tm models is less important because the zenith wet
delay (Zwp) values (see appendix A) are lower than in
the tropical regions and, consequently, the propagation of
the uncertainty in the Tm in the IWV values is also lower.

A seasonal analysis of the RMSE values from the four
best models (MENDE, REGIO, BRAZI, and SCHU3)
at each radiosonde station using the complete dataset
(78095 radiosondes) is shown in Fig. 7, in which the
stations are arranged by latitude in ascending order. The
results indicate a seasonal influence of the latitude on
the performance of the models. For the stations at low
latitudes, the RMS error of the models was 1-2 K; for the

stations at higher latitude, the RMS error was 2-3 K in
summer and 3-4K in winter. These results are con-
sistent with Fig. 6 because the Tm errors are smaller
when the IWV is higher. The REGIO and BRAZI
models presented very similar results. However, at the
CUAB, CURU, TRND, and BJDL stations, the REGIO
model presented worse results than the BRAZI model,
which indicates that for these stations, the set of
radiosondes used in the regional model is not entirely
sufficient. The MENDE model tends to be better at
low latitudes than at middle latitudes, especially during
the summer. This model was the best at some stations,
such as PORV, VLHE, TRND, and BJDL, during
summer and spring, and at the BELE and MANA sta-
tions during summer and autumn. In contrast, the
SCHU3 model had better results for the middle-latitude
stations than for those at low latitude, again, in-
dependent of season. The regional models were better
than the other models, independent of season, at most
stations.
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FI1G. 3. Scatter diagrams of the Tm values from the model vs the mean values from the radiosondes used in the study: (a) complete period
and (b) period from 1999 to 2002.
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(a) Complete period:78095 radiosondes
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FIG. 4. The bias, SD, and RMSE values from the different Tm models evaluated using
radiosonde values as a reference: (a) complete period and (b) period from 1999 to 2002.

b. Performance evaluation of the Tm models in terms
of the IWV estimates produced

To evaluate the influence of the uncertainty of the Tm
values on the final precision of the IWV estimates, the
Zwp values were calculated using radiosonde data by
applying Eq. (A1) and converting the results to IWV
using the Tm values from the different models. The
same Zwp values were converted to IWV using the Tm
values obtained from the radiosonde data, which were
used to evaluate the Tm models, and the bias, SD, and
RMSE were then calculated. Figure 8 shows the IWV
statistics using the dataset from 1999 to 2002, in which
ERA-40 is also available, and Table 2 lists the values
generated by using the complete dataset in a seasonal
analysis. The results presented in Fig. 8 indicate that the
influence of the Tm values on the IWV is greater than
0.3kgm 2 (values presented by the SCHU3, MENDE,
BRAZI, and REGIO models). The previous work that
compared GPS and radiosonde results using data col-
lected over the Amazon region reported a difference of
approximately 3.7kgm 2 (Sapucci et al. 2007). This
result means that the influence of the Tm values re-
ported above is nearly 10% of this difference. Figure 8
also shows that this influence can be as high as 1.4 kgm
if the SCHU1 model is used, in which a bias of —1.3kgm 2

was observed. ERA-40 presented almost no bias; how-
ever, the standard deviation and RMSE values were on
the order of 0.45kgm ™2 The values presented in Table 2
also indicate that during the summer and spring the
MENDE model presented no bias and had an RMSE of
0.26kgm 2, and, consequently, it performed better than
the other models. In contrast, during the autumn and
winter, the BRAZI and REGIO models present lower
biases, and in winter, these models had RMSE values of
0.23 and 0.24 kgm 2, respectively.

c. Additional comments

The REGIO model developed here for the southern
region of Brazil has been used in the first experiment for
the evaluation of IWV-GNSS in Argentina (Fernandez
et al. 2010). Three stations were used, with the results
showing that the REGIO model gave an error in IWV
directly proportional to the distance between these sta-
tions and the radiosondes used in the modeling. The
RMSE values from the REGIO model at the stations
closer to Brazil are smaller than the ones from the Tm
model developed by Bevis et al. (1992). The Bevis model
could be an option for use across Argentina because the
radiosondes used in this modeling were launched at
stations over the United States between 27° and 65°N,
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FIG. 5. Taylor diagram for the different Tm models and reanalysis using the dataset of radiosondes launched during the period from
1999 to 2002.

corresponding to the same latitude band as Argentina in
the Southern Hemisphere.

Over the past 50yr, studies of the accuracy and ho-
mogeneity of the world’s upper-air observation system
have been conducted in several international inter-
comparison experiments. The most recent experiments
occurred in the United Kingdom (1984), the United
States (1985), the former Soviet Union (1989), Japan
(1993), the United States—Russian Federation (1995),
Brazil (2001), Mauritius (2005), and China (2010) (Nash
et al. 2011). Many important results were obtained from
these experiments. Because the RS80 (Vaisala) radio-
sonde was very widely used in operational mode, it was
the object of several studies aiming at evaluating the
need for corrections due to the contamination of the
electronic device of the humidity sensor (Wang et al.
2002). An altitude-independent scale factor in the lower
troposphere has been used to reduce the RS80 (Vaisala)
variability (Turner et al. 2003). A more sophisticated

methodology for measuring atmospheric humidity based
on a chilled-mirror hydrometer sensor was demonstrated
by Fujiwara et al. 2003. This sensor was used to evaluate
the accuracy and performance in tropical regions of the
Vaisala RS80, RS90, and radiosondes from other man-
ufacturers (Sapucci et al. 2005). A more recent inter-
comparison experiment evaluated the improvement
developed by radiosonde manufacturers in the quanti-
fication of the atmospheric humidity (Sun et al. 2010).
The problems identified in these intercomparison ex-
periments contaminate the dataset used in the Tm
modeling and, consequently, could be responsible for
part of the uncertainty in the IWV obtained from the
GNSS data.

4. Summary and conclusions

This study has presented an evaluation of the models
available to determine the water-vapor-weighted mean



724

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY VOLUME 53
20 20 20
_ MENDE SCHU2 ERA40
<
< 10 10 10
[}
(]
I
S OFmmmmm—— oo O Fap s~~~ — - RS
S
3
S 10 ~10 ~10
©
C
®©
2 -20 ~20 -20
2 50 1000 50 100 0 50 100
o
£
c
E 20p 20 20
E SCHU3 BRAZI REGIO
o]
S 10 10 10
o
c
5 omessodmm R O === == == - — -
=
o
-10 ~10 ~10
~20 ~20 20
50 1000 50 100 0 50 100

IWV values from Radiosondes (Kg/mz)
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1999 to 2002.

tropospheric temperature. The main objective of this
study was to minimize the uncertainty in the determination
of the IWV values from the ground-based GNSS network
receivers over Brazil. A dataset of 78000 radiosondes
launched at 22 stations during the period of 1999-2010
was used. Five global and two regional models were
evaluated. One global model is based on radiosondes,
three are based on NWP products, and the last is based
on reanalysis data. The regional models evaluated an
applied multivariate statistical analysis over an independent
radiosonde dataset of ~90000 profiles collected at 12
Brazilian stations over a period of 32 yr (1961-93).

The results, taking into consideration all the stations,
indicated that the RMS error values presented by the
REGIO and BRAZI models are either similar to or
lower than those of the other models (RMSE of 2.2 K);
the models MENDE, SCHU3, and ERA-40 presented
RMSEs of 2.8, 2.9, and 3.5K, respectively, and the
RMSE:s for SCHU1 and SCHU?2 were greater than 7.0 K.
The ERA-40 presents almost no bias, but the dispersion is
larger than that of the other model (SD of 3.5K).

A seasonally dependent influence of the latitude on
the performance of the models was observed, in which

the RMS error of the Tm models is 2 K in stations at low
latitudes and 2-4K in stations of higher latitude. The
REGIO and BRAZI models presented very similar re-
sults, and at most stations, they were better than the
other models, independent of the season. There are
stations at which the BRAZI model is better, and other
stations at which the regional model performed poorly.
The MENDE model tends to be better at low latitudes
than at middle latitudes, and the SCHU3 model has the
opposite behavior.

The impact of the Tm modeling on the IWV values
was evaluated, and the results indicate that the influence
of the uncertainty in the Tm values on the final precision
of the IWV estimates is approximately 0.3 kg m 2, which
is the value presented by the SCHU3, MENDE,
BRAZI, and REGIO models. The RMSE value from
ERA-40 was 0.45kgm 2. In a seasonal evaluation tak-
ing into consideration all stations, the MENDE model
was found to be the best model during summer and
spring (RMSE of 0.26kgm~?), and the BRAZI and
REGIO models presented the best results during autumn
and winter (RMSEs of 0.23 and 0.24 kg m 2, respectively).
A possible reason for this seasonal dependence is that
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station using the complete dataset.

during winter and autumn, the penetrations of cold
fronts from Antarctica have more influence on the Tm
values over Brazil; consequently, the regional models
are more appropriate than the global models. During
summer and spring, the behavior of the atmosphere in
this region is similar to the global mean, and in this case,
the Mendes model (a global model) is better than the
regional versions. The BRAZI and MENDE models can
be used alternately to provide the best results for each
station; thus, the results presented in Fig. 7 should be
used to select the more appropriate model. The MENDE

model should be used for 7 stations (PORV, VLHE,
BIDL, BRAS, CARA, CONF, and TRND) and the
BRAZI model should be used for the 15 other stations.

The evaluation of the Tm models indicated that those
simulations based on radiosondes performed better than
the ones based on the NWP results. The SCHU3 model
and the ERA-40 values are affected by errors in the
NWP profiles used in the Tm modeling. However, in-
creased computational power, improved global obser-
vation systems, and advances in assimilation systems
indicate that reanalyses may be more successful for Tm
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FIG. 8. Evaluation of the performance of the Tm models in the calculation of the IWV values
using radiosondes as a reference.
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TABLE 2. Bias, SD, and RMSE in the IWV values (kgm~2) generated by the different models for each season.
Summer Autumn Winter Spring

Model Bias SD RMSE Bias SD RMSE Bias SD RMSE Bias SD RMSE
SCHU1 —1.50 0.52 1.59 -1.34 0.61 1.47 -1.17 0.58 1.31 -1.37 0.56 1.48
SCHU2 —0.88 0.28 0.92 —0.88 0.30 0.93 —0.80 0.32 0.86 —0.81 0.30 0.87
SCHU3 -0.18 0.28 0.34 -0.25 0.25 0.36 -0.29 0.25 0.38 -0.20 0.30 0.36
BRAZI 0.21 0.28 0.35 0.07 0.28 0.29 —0.02 0.23 0.23 0.15 0.27 0.31
REGIO 0.17 0.30 0.34 0.04 0.29 0.30 —-0.03 0.24 0.24 0.12 0.28 0.30
MENDE —0.01 0.25 0.26 —-0.16 0.26 0.30 —0.21 0.23 0.31 —0.04 0.25 0.26

modeling in the future. A new reanalysis, with better
resolution and taking into consideration the large
quantity of data now available, should be reevaluated.
For this purpose, the ERA-Interim reanalysis is the best
candidate. In addition, a regional reanalysis over South
America, with 20-km horizontal resolution and covering a
period of 12yr (2000-11), is being developed by CPTEC.
The performance of these reanalyses in the Tm model-
ing should be evaluated in future studies, in which other
more appropriate methods for dividing the Brazilian re-
gion can be implemented. The climate regimes are good
options because they can be used to distinguish suitably
baroclinic atmospheres from tropical ones and, conse-
quently, capture most of the variability in the water-vapor-
weighted mean tropospheric temperature in this region.
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APPENDIX A

Mean Tropospheric Temperature in the IWV
Measurements from GNSS Data

The mean influence of the electrically neutral atmo-
spheric layer on GNSS signal propagation in the zenith

direction, referred to as zenith tropospheric delay (Z1p),
is divided into two components: zenith wet delay (Zwp),
which is caused by atmospheric water vapor, and zenith
hydrostatic delay (Zyp), which is the total delay due to
the other well-mixed gases and water vapor that compose
the atmosphere (Spilker 1994). Assuming that hydro-
static equilibrium in the atmosphere is satisfied, the
hydrostatic component (Zgp) depends only on the total
mass of the atmosphere, and, consequently, the values
can be determined from pressure measurements at the
surface (Davis et al. 1985). The Zwp values are obtained
by subtracting the Zyp values from the total Ztp esti-
mated from GNSS observation processing. The Zwp
values can be extracted from the temperature and water
vapor pressure profiles as follows (Spilker 1994):

— 10671
Zop =102, J(k’z ) dh, (AL

where e is the partial pressure of the water vapor, T'is the
air temperature, Z,, is the water vapor compressibility
factor, and k, = 22.10KhPa™ " and k3 = 373900 K*hPa ™'
are the atmospheric refractivity constants (Bevis et al.
1994). Rearranging Eq. (A1) and applying the ideal gas
law, while noting that IWV is the vertical integral of water
vapor density, we can write

Zyp X 10°= k’2+kJ J—dh

e
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e

[

, Jﬁdh

=R, | K +kyr— |TWV,  (A2)
deh

where R,,= 461.5181Tkg 'K ! is the specific gas con-
stant for water vapor. This equation presents a relation-
ship between Zwp and the IWV values, but it depends on
the relationship between the humidity and temperature
profiles. Consequently, the upper-air profile information
is necessary, in addition to the surface measurements
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from the GNSS receiver and surface meteorological
stations. A method for solving this problem was pre-
sented by Davis et al. (1985), in which the mean value
theorem for integration was applied. This theorem en-
ables us to affirm that if F:[a,b]—% is a continuous
function and G is an integrable function that does not
change sign on the interval (a, b), then there is a number
y € (a,b) such that

Ja F)Gx)ax = F(y) J Gox.  (A3)
b b

Hence, assuming F(h) = T and G(h) = e/T?, for which
the condition mentioned above is satisfied in the
moisture-containing layer extending from the sur-
face at height hg to the top of the troposphere hyop,
there is a point t € (Ko, Atop) Where F(¢) = Tm, which
produces

h h h
top e top € top €
T—oh=F(t —dh —oh
Jh T2 ( )Jh " Jh r

0 () 0

Jhlopi h
hwp e h,
=Tm , ﬁah =Tm = T (A4)
0 —oh
n, T?

As only values of temperature from the moist layer are
taken into account in the determination of Tm [where
e # 0inthe Eq. (A4)], this amount is denoted the water-
vapor-weighted mean tropospheric temperature. Ap-
plying Eq. (A4) to Eq. (A2) gives

_ 6 / k3
IWV = Zyp, [10°/R,, ( Ky + 222 ) |

The last equation is the relationship between the IWV
and the zenith tropospheric delay, which is independent
of any additional information other than the surface
measurements (Bevis et al. 1992). Applying propagation
variance theory (Ku 1966) to Eq. (AS) results in the
following equation:

(AS)

2

10°%X Zo. R K
| Tt (A6)

2
(R, K5+ R KT, )

2 _
Tiwv =

where 0w and oy, are the standard deviations of the
IWV and Tm, respectively. This equation permits the
assessment of the influence of the uncertainty in Tm on
the IWV-GNSS estimates.
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APPENDIX B

Tm Modeling over Brazil Using Multivariate
Statistical Analysis

a. Dataset availability and data processing

The radiosonde dataset used in this modeling simu-
lation, which was obtained from instruments launched
by the Detachment of Airspace Protection and operated
by the Brazilian Air Force, is composed of 91136 ra-
diosondes launched at 12 Brazilian airports during the
period from 1961 to 1993. This dataset and the one
presented in section 3, which is used in the evaluation of
the model, are independent. An analysis of the consis-
tency of temperature, pressure, and humidity profiles
was performed using a quality control process, in which
the problematic profiles were removed. A total of 1522
profiles (~1.7% of the complete dataset) were excluded,
and the final dataset was composed of 89614 radio-
sondes. The list of stations used for the radiosondes
launched for this dataset is given in Table 1, which
presents the station ID numbers and coordinates, as well
as the numbers of radiosondes launched at each site. The
spatial distribution of these stations is shown in Fig. 1.
The total dataset was divided into five groups, one for
each Brazilian climatic region. The criterion for the
climate zones was the location of the radiosondes. The
radiosondes launched at the Porto Alegre and Curitiba
stations were grouped to compose the southern region,
which has a climate highly influenced by cold fronts from
the middle latitudes. The radiosondes launched in the
states of Sao Paulo and Rio de Janeiro were grouped to
form the subtropical oceanic region, and the radio-
sondes launched at Brasilia and Campo Grande form
the subtropical continental region. The radiosondes
launched at Natal and Fernando de Noronha were de-
noted the northeastern region group, and the radio-
sondes launched at the Manaus, Alta Floresta, Belém,
and Vilhena stations comprised the northern region.

Values of Tm were calculated using the data from the
radiosonde temperature and humidity profiles to nu-
merically integrate Eq. (1). The measurements of tem-
perature (Ts), relative humidity (RH), pressure (Ps),
and wind direction and wind speed from the first level of
the radiosonde vertical profile were considered to be
those measured at the surface. The wind direction and
wind speed were converted into their zonal (U) and
meridional components (V). Several radiosondes expe-
rienced technical problems and were not able to mea-
sure wind information. A second radiosonde set with
71994 profiles was organized, in which the radiosondes
without wind information were excluded to avoid erroneous
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TABLE B1. Weights of the variables (columns 2-5) for each factor obtained in the factor analysis and their communality; and the variance
and the percentage of the total variance explained by each factor and the communality. The key values are shown in boldface.

Variables Factor 1 Factor 2 Factor 3 Factor 4 Communality

Ps 0.664 —0.376 -0.292 0.129 0.684
Ts 0.888 0.240 0.014 —0.047 0.849
RH -0.149 -0.937 —-0.002 0.032 0.902
U —0.057 —0.039 0.055 0.989 0.987
\%4 0.024 —0.011 —0.980 —0.060 0.964
Tm 0.908 0.130 0.050 -0.116 0.858
Variance 2.082 1.096 1.051 1.016 5.2446
Variance explained (%) 34.7 18.3 17.5 16.9 87.4

conclusions in the analysis generated by a different
population of the variables evaluated.

b. Factor analysis of the data variance

In factor analysis, the variables related to a dataset can
be grouped by applying criteria of similar correlations to
each group, denoted factors (Johnson and Wichern
1992). This method describes, where possible, the re-
lationship among the set of variables in terms of a po-
tentially lower number of unobserved variables (factors),
reducing the data in the analysis with a minimum loss of
information and facilitating the interpretation of results
obtained (exploratory factor analysis). The factor analy-
sis estimates how much of the variance is due to common
factors, which is very useful information that is called
communality (Johnson and Wichern 1992).

The first step in the factor analysis is the selection of
the most appropriate variables to reach the intended
objectives because the inclusion of inappropriate vari-
ables can generate flotation in the final variance of the
dataset, which prejudices the interpretation of the re-
sults. Taking into consideration that the objective of this
analysis is to define which variables measured at the
surface are most relevant to modeling Tm, the variables
related to position (latitude and longitude) and time
(day, month, etc.) and those obtained indirectly by cal-
culation (IWV, moist layer height, and arithmetical mean
of the temperature profile) are not included in this

analysis. The selected variables were pressure (Ps), tem-
perature (Ts), relative humidity (RH), and the zonal (U)
and meridional (V) wind components. The factoring was
performed by principal component analysis (PCA) us-
ing the correlation matrix of the variables selected. A
varimax rotation was applied to the factors to make
them more understandable and to facilitate their in-
terpretation. Table B1 lists the weights of each variable
in the four factors generated, as well as the respective
communality, variance, and percentage of the total vari-
ance explained by each one.

The first four factors explain 87.4% of the total vari-
ance of the dataset, and this result indicates that the
number of factors used can be considered suitable for
this analysis. The weights of the factors presented in
Table B1 indicate that the evaluated variables can be
divided into four correlation groups. The first group,
defined as factor 1, is formed by temperature, surface
pressure, and mean tropospheric temperature, which
explain 34.7% of the total variance of the dataset. The
relative humidity, the meridional component of the
wind, and the zonal component of the wind comprise,
individually, the three other groups, which are indicated
by factors 2, 3, and 4, respectively. The key values are
shown in boldface in Table B1. The grouping generated
by this factor analysis reveals that, in addition to surface
temperature, the pressure values can be useful in the
modeling of Tm. In contrast, the results indicate that

TABLE B2. Asin Table B1, but for the first two factors obtained in the factor analysis in each of the five climate regions. The key values are
shown in boldface.

South Subtropical ocean Subtropical continent Northeast North
Variance Factor1 Factor2  Factor 1 Factor 2 Factor 1 Factor 2 Factor1 Factor2 Factor1 Factor2
Ps 0.1 0.9 0.8 -0.3 0.1 0.0 0.0 -0.0 0.9 0.2
Ts 0.9 0.1 0.8 0.4 0.9 -0.2 -0.8 03 0.9 -0.3
RH -0.6 -0.4 -0.1 -0.9 -0.6 -0.6 0.8 -0.4 -0.2 0.9
U -0.1 -0.0 0.0 0.0 0.1 -0.9 0.2 -0.9 -0.2 0.1
14 -0.1 0.0 -0.1 -0.1 -0.1 0.0 0.0 -0.1 0.0 -0.0
Tm 0.9 0.0 0.9 0.3 0.8 0.1 -0.9 -0.0 0.8 -0.3
Variance 1.8 1.1 1.8 1.1 1.8 1.2 2.0 1.2 2.1 1.1
% variance 29.6 18.5 29.6 18.5 30.3 20.4 33.6 19.5 35.5 19.0
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TABLE B3. Values of the coefficients of the linear regression given by Eq. (A8) specific to each climatic region.

Coefficients of Eq. (A8)

Climate region No. of radiosondes a b c d R?
South 24065 0.61390 0 0.020243 102.815 0.590
Subtropical ocean 23964 0.55843 0.012719 0 108.149 0.602
Subtropical continent 16091 0.44330 0 —0.032011 155.717 0.424
Northeast 8158 0.36278 0 —0.050706 183.950 0.297
North 17336 0.52286 0.004 765 0 126.612 0.356

values from other surface variable do not significantly
contribute to improvements in modeling Tm.

To assess the regional variations in the importance of
the variables in the modeling of Tm, a similar factor
analysis was performed for the climatic regions men-
tioned in the previous subsection, among which the ra-
diosonde stations were divided. Table B2 presents the
values of the weights for the first two factors and the
respective variance and percentage of the total variance
explained by each one.

The values in Table B2 indicate that the contribution
of the humidity measurement at the surface to the Tm
modeling depends on the region. This dependence is
observed in the south, subtropical continental, and
northeast regions. In the south and subtropical conti-
nental regions, the humidity values are related to the
passage of cold fronts, which are very strong and fre-
quent and cause large changes in the temperature pro-
file. In the northeast region, these cold front events
occur during some periods of the year; consequently, the
relative humidity should contain a signal of the change
in air mass. In the Amazon and ocean subtropical re-
gions, this influence is rare, and the pressure at the sur-
face is the main variable that is useful in Tm modeling.
These results are used in the determination of suitable
Tm models for each Brazilian region.

¢. Tm modeling for Brazil using multiple regressions

Taking into consideration all the data, the response
variables selected in the Tm model were based on the
results of the factor analysis presented in Table B1. The
weights of Ps and Ts in the first factor indicate that these
are the predictors that explain the most variance in Tm.
A statistical method that minimizes the residual least
squares was applied to determine the values of the pa-
rameters. The Tm values from the regression generated
in this process are given by the following equation:

Tm = 0.558Ts + 0.0105Ps + 110.578, (A7)

which is denoted the Brazilian model here because it
was obtained using the entire radiosonde dataset, and
consequently, it can be applied throughout Brazil.
The use of pressure measurements in the Tm model is

expected because the greater the pressure at the surface,
the deeper the atmospheric layer contributing to the
warmer part of the sounding and, consequently, the larger
the Tm values. The values of the coefficient of deter-
mination (R?) indicate the percentage of the total vari-
ance of the response variable that is explained by the
prediction variables used. The R* values closer to 1 in-
dicate that the obtained model is efficient and that the
residuals generated are closer to 0. The R* value ob-
tained by this regression was 0.66.

The same technique applied to the radiosonde data-
sets selected for the climatic regions produced by the
regional models. The prediction variables used in this
case are also chosen by taking into consideration the
results generated from the factor analysis (Table B2).
The general equation for this model is

Tm =aTs + bPs+ cRH +d, (A8)

where the values of the coefficients a, b, ¢, and d for each
climatic region are presented in Table B3 and where the
respective coefficient of determination values are also
listed. These values show that the south and subtropical
continental climatic region models exhibit similar per-
centages of total variance of Tm that are larger than
those for the other regions. The R values generated in
the south and subtropical continental climatic regions
were 0.59 and 0.60, respectively. The northeast region
model had a lower coefficient of determination (0.30),
perhaps due to the lower number of radiosondes avail-
able in this region.
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