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Introduction

Integrated Water Vapour (IWV) plays a fundamental role in 
several weather processes that deeply influence human 
activities. Retrieving IWV content in the atmosphere can 
be performed in different ways using independent 
techniques: the more traditional ones like radiosondes and 
ground-based microwave radiometers, up to the more 
recent ones based on satellite techniques. In particular, 
the GNSS-based tropospheric Zenith Total Delay (ZTD) 
estimates allow inferring IWV values with high accuracy. 

In our study, we concentrate on the estimation of IWV in 
Latin America using as input data the ZTD values obtained 
in (1) the operational processing of the regional reference 
frame SIRGAS (Sistema de Referencia Geocéntrico para las 
Américas), and (2) the generation of near real-time 
products applying the Precise Point Positioning (PPP) 
approach. To assess the reliability of our results (ZTD and 
IWV values), they are compared with the operational IGS 
products (ZTDIGS) and estimations inferred from 
radiosonde profiles (ZTDRS, IWVRS).

Determination of IWV values from GNSS-based ZTD estimates

The GNSS-based ZTD values are used to calculate the IWV applying the ratio of Askne and Nordius (1987) 
to the wet component of the delay (ZWD), see Fig. 2. ZTD stands in general for ZTDSIR or ZTDPPP. ZWD values 
are obtained by removing the zenith hydrostatic delay (ZHD), which is calculated according to Davis et al. 
(1985). Sea level pressure values (Pref) are extracted from the ERA-Interim products provided by ECMWF 
and are reduced to the height of the GNSS stations (PGNSS) following Berg (1948). For the factor , the 
weighted mean temperature of the atmosphere (Tm) is calculated in accordance with Mendes (1999) using 
the surface temperature (Ts) also provided by ERA-Iterim. The values for the refractivity constants are 
taken from Rüeger (2002). Following this strategy, we generate four daily IWV maps (at 00:00, 06:00, 12:00 
and 18:00 UTC) for the entire SIRGAS region, see some examples in Fig. 7.

Figures 8 and 9 show the comparison of IWVSIR (inferred from ZTDSIR) values with values obtained from 
radiosonde profiles (IWVRS) at the Wyoming Weather Web, University of Wyoming for selected SIRGAS 
stations. The correlation coefficient of the two series presented in Fig. 8 is 0.94, which indicates a very 
good agreement between both estimates. In the other hand, the comparison IWVPPP (calculated from the 
BWS52-based ZTDPPP values) with IWVRS produces discrepancies with a mean RMS of 1 kg/m2 and a bias 
of 2,37 kg/m2.

Fig. 4: Comparison of ZTDSIR and ZTDIGS values at 
selected SIRGAS stations (Jan 2014 – Dec 2018).

Fig. 9:   Scatter plot comparing IWV values inferred from GNSS-
based ZTD estimates (IWVSIR) and radiosonde profile data (IWVRS) 

at two selected SIRGAS stations (Jan 2014 to Dec 2018). 

Fig. 5:  Comparison of ZTDSIR and BSW52-based ZTDPPP values 
at two selected SIRGAS stations. 

Software Bias [cm] RMS [cm]

BWS52 5.2 (2 % of the ZTD) 0.016 

BNC 12.1 (5 % of the ZTD) 12.900 

Table 3: Comparison of ZTD values based on the operational 
SIRGAS processing (ZTDSIR) and PPP estimates using BSW52 
and BNC (45 days, 10 stations) 

Final remarks and outlook

Our experiments demonstrates that we are able to determine ZTD and IWV values with a high reliability 
over Latin America. The primary input data is provided by the infrastructure (stations and analysis centres) 
of the regional reference frame SIRGAS. This support is deeply acknowledged. The challenges for the 
future are (1) to develop algorithms of prediction to generate surface maps based on the pointwise 
estimations and (2) to implement the automatized computation of ZTD and IWV models. The objective is 
the routine publication of these products within SIRGAS to provide reliable data for atmospheric research 
at national and regional levels.

Fig. 3: Time series of ZTDSIR (blue) and ZTDIGS (red) values at selected SIRGAS stations (Jan 2014 – Dec 2018).
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Fig. 7:   Maps of IWV inferred from the ZTD estimates 
produced within the operational SIRGAS processing.

Fig. 6: Comparison of  ZTDSIR , BWS52-based ZTDPPP and ZTDRS

values at a GNSS station located in Cordoba (Argentina).

Fig. 8: Time series of IWV values inferred from GNSS-based 
ZTD estimates (IWVSIR) and radisonde profile data (IWVRS) 

in Mendoza (Argentina). 

Fig. 1: SIRGAS GNSS stations and 
radiosonde sites considered in this study.

ZTD estimation applying 
PPP (ZTDPPP)

The objective of applying PPP is the 
determination of ZTD and IWV values in 
near real-time. Therefore, we selected as 
case of study two epochs presenting 
strong storms in the central-western 
region of South America:

Case 1: Feb 21 - Mar 27, 2016; 10 stations
Case 2: Aug 12 - Aug 27, 2018; 15 stations

The ZTDPPP values are estimated using 
BSW52 and the BKG NTRIP Client (BNC) 
software (Weber et al. 2016). Table 2 
summarizes the input data, models, and 
main configuration used for each 
software. ZTDPPP values estimated using 
both BSW52 and BNC are compared with 
the corresponding ZTDSIR values. The 
BSW52-based estimates show a better 
agreement than the BNC-based estimates 
(see Table 3 and Figs. 5 and 6). This is 
most probably a consequence of the fact 
that ZTDSIR and the BWS52-based ZTDPPP

use the same models to determine the 
tropospheric parameters.  

Estimation of ZTD values based on 
the operational SIRGAS processing 
(ZTDSIR)

SIRGAS is at present given by a network of about 400 
continuously operating GNSS stations (Fig. 1). These stations 
are routinely processed by ten SIRGAS Analysis Centres (AC) 
following the IERS standards and the most-recent GNSS 
processing guidelines issued by the IGS. The ZTD is modelled 
using the Global Mapping Function (GMF, Böhm et al., 2006). 
A-priori zenith hydrostatic delay (ZHD) values are derived from 
gridded coefficients based on the Global Pressure Temperature 
(GPT) model (Böhm et al., 2007) and are refined by computing 
zenith wet delays (ZWD) in a 1-hour interval using the Vienna 
Mapping Function (VMF, Böhm et al., 2006). In addition, 
horizontal gradient parameters are estimated using the model 
described by Chen and Herring (1997). As each SIRGAS-AC 
processes a different sub-network of SIRGAS stations, we 
perform a combination of the ZTD estimates delivered in the 
individual solutions  by means of a weighed least-squares 
adjustment using the inverse of the input data variances as a 
weighting factor. Our empirical experiments cover five years 
(Jan 2014 to Dec 2018) and are based on ZTD estimates 
provided by the SIRGAS-AC using the Bernese GNSS Software 
V5.2 (BSW52, Dach et al. 2015), see Table 1.

For validation, our results are compared with the operational 
IGS products (ZTDIGS) and ZTD values calculated from 
radiosonde profiles (ZTDRS). In the latter, the ZTD values are 
determined following Askne and Nordius (1987), see Fig. 2. The 
mean temperature of the atmosphere (Tm) and the pressure at 
the GNSS stations (PGNSS) are inferred from radiosonde profiles 
data (temperature and dew-point) obtained at the Wyoming 
Weather Web, University of Wyoming. The ZHDRS values are 
obtained  after Davis et al. (1985). 

Our results present a quite good agreement with the IGS 
products (see Figs. 3 and  4). Discrepancies between both 
estimates obtained at 15 stations present a mean RMS value of 
6.8 mm (0.29 % of the mean ZTD) with a negative mean bias 
of 1.5 mm(0.07 % of the mean ZTD) . The comparison with 
ZTDRS is also very promising: discrepancies computed at ten 
radiosonde stations (see Fig. 1) have a mean RMS of 7.5 mm 
(0.32 % of the mean ZTD) and a negative mean bias of 2 mm 
(0.09 % of the mean ZTD). 

Table 1: SIRGAS Analysis Centres Table 2:  Input data, models and basic configuration for the estimation 
of ZTD  values within the operational SIRGAS processing and using the 
Precise Point Positioning (PPP) approach.

Fig. 2: Strategy for the estimation of IWV from GNSS-based ZTD values.
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