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Abstract
The knowledge of water vapour distribution is a key element in atmospheric modeling and 
considerable information, also at the local scale, can be derived from the GPS-ZTD (global 
positioning system-Zenith total delay) data.

This paper shows the assimilation of GPS-ZTD data into the RAMS@ISAC (Regional 
Atmospheric Modeling System at Institute of Atmospheric Sciences and Climate of the 
National Research Council) to improve the representation of the water vapour in the 
meteorological model.

The data assimilation system is based on 3D-Var (three-dimensional variational 
assimilation system) and it is applied to a network of 29 receivers located within the 
Lazio Region, Central Italy. All collected data are processed using the PPP (precise point 
positioning) method through RTKLIB, an open source program package for GNSS (Global 
Navigation Satellite Systems) Positioning. Among the GPS receivers, three are single 
frequency receivers, able to acquire L1 frequency only, so that it is necessary a preliminary 
reconstruction of L2 synthetic observations, which is achieved by a new original ground-based 
augmentation strategy. Results show remarkably that the single frequency receivers can be 
used the same way as geodetic receivers.

The RAMS@ISAC is run at 4 km horizontal resolution over central Italy and is nested, 
using one-way nesting, into a 10 km horizontal resolution run of the same model. The 
experiment was performed along to two months, from 28 July to 28 September 2017.

Results show that the GPS-ZTD data, assimilated by 3D-Var, have an important impact on 
the analysis of the water vapour field and the RMSE of ZTD and IWV (vertically integrated 
water vapour) is roughly halved for the analysis compared to the background.

The impact of the GPS-ZTD data assimilation is also evaluated for the very short term 
(VSF) forecast (1–3 h), obtaining an improvement of the ZTD and IWV RMSE for all three 
hours of forecast.

Keywords: geodesy, geomatics, meteorology, GPS, Zenith total delay, three-dimensional 
variational assimilation system, RAMS
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Introduction

Water vapour plays a crucial role in atmospheric processes 
that act over a wide range of temporal and spatial scales, 
from global climate to micrometeorology. Therefore, a good 
knowledge of water vapour distribution in space and time is 
a fundamental requirement for several atmospheric applica-
tions, especially weather forecasting.

Relatively cheap and easy information on water vapour 
distribution can be derived from Global Navigation Satellite 
Systems (GNSS). Usually, GNSS refer to series of available 
constellations of which GPS (global positioning system) is the 
most famous.

GNSS data can be very useful for the purpose of a multi-
instrumental investigation; indeed, it was used to calibrate and 
validate other instruments (Campanelli et al 2018) or meth-
odologies (Rohm et al 2011), but one of the most impactful 
application is related to the assimilation of GNSS data in 
numerical weather prediction models (for example: Vedel and 
Huang 2004, Faccani et al 2005, Poli et al 2007, Bennitt and 
Jupp 2012, Lindskog et al 2017).

Vedel and Huang (2004) assimilated GPS-ZTD into the 
HIRLAM (High Resolution Limited Area Model) using 
3D-Var and found improvements for the forecast of geopoten-
tial height and high precipitation. Faccani et al (2005), using 
the MM5 model at 9 km horizontal resolution and 3D-Var to 
assimilate GPS-ZTD over Italy, found some improvements in 
the precipitation forecast during the transition from winter to 
spring.

Poli et  al (2007) assimilated the GPS-ZTD by using 
4D-Var and the Météo-France ARPEGE (Action de Researche 
Petite Echelle Grande Echelle) global model. Results show 
the positive impact of the GPS-ZTD data assimilation on the 
forecast of synoptic-scale circulations and some improvement 
on the precipitation forecast in spring and summer. Following 
the experiment of Poli et al (2007), both Yan et al (2009) and 
Boniface et al (2009), both using a limited area model at about 
2.5 km horizontal resolution, found positive impact of the 
assimilation of GPS-ZTD on precipitation forecast for heavy 
precipitation events occurred over France.

Bennitt and Jupp (2012) assimilated GPS-ZTD observa-
tions by both 3D-Var and 4D-Var using the Met Office NAE 
model (Rawlins et al 2007) at 12 km and 24 km horizontal res-
olutions, depending on the specific numerical experiment. The 
assimilation of GPS-ZTD increased the relative humidity at 
the levels considered for the analysis, resulting in an improve-
ment of the cloud forecast. However, using the 4D-Var instead 
of 3D-Var had a limited impact on the forecast.

Lindskog et al (2017) performed GPS-ZTD data assimila-
tion into the HARMONIE-AROME model run at 2.5 km hori-
zontal resolution. The assimilation was performed by 3D-Var 
and improved the forecast up to one and half day, especially 
for humidity.

In this research, we show the assimilation of GPS-ZTD 
from both geodetic (dual-frequency) and single-frequency 
receivers in the Regional Atmospheric Modeling System 
model at the Institute for Atmospheric Sciences and Climate 
(RAMS@ISAC).

The data assimilation is performed by 3D-Var, extending 
the methodology of Federico (2013), and its impact on the 
analysis and very short-term forecast (VSF) of vertically inte-
grated water vapour (IWV) is shown by a numerical experi-
ment spanning two months, from 28 July to 28 September 
2017.

The experiment is focused on the regional scale, over the 
Lazio Region in Central Italy, using a network of twenty-
nine receivers. Three of them are single frequency receivers, 
i.e. acquire observation on L1 frequency only; the rationale 
behind their use is to improve the spatial resolution of the 
GPS-ZTD observations with reasonable budget. This aspect 
could be especially important in cases of morphologically 
complex terrain.

The paper is organized as follow: in section  2 we intro-
duce the GPS observation and processing, the GPS net-
work, the meteorological model, the 3D-Var method and the 
implemented observations quality control. Section  3 shows 
the results for the considered two months period and for the 
very short-term forecast. Conclusions are given in section 4, 
while details on the forward observation operator are given in 
appendix.

Data and methods

GPS observations and processing software

Water vapour content of the atmosphere, especially the 
lower layer (up to about 15 km) known as troposphere, 
affects GNSS signals by lowering their propagation veloci-
ties with respect to vacuum. A diminished speed results in 
a time delay of the signal propagation along the satellite-
receiver path, that multiplied by the vacuum speed of light 
adds an extra-distance to the satellite-receiver geometrical 
one. This delay, called STD (slant total delay), is usually 
modeled through a parameter named ZTD (Zenith total 
delay), consisting of a hydrostatic (ZHD) and a wet (ZWD) 
part, multiplied by a mapping function (MF) accounting 
for the satellite elevation (Hofmann-Wellenhof et al 2007, 
Leick et al 2015).

If, from the positioning point of view, this delay is just a 
systematic error to be removed, it puts forward GNSS as a 
tool for the remote sensing of the tropospheric water vapour 
content.

To do this, different software and methods can be used; 
in this case we use the PPP (precise point positioning) tech-
nique, as implemented by RTKLIB, an open source program 
package for GNSS positioning (Takasu and Yasuda 2009). 
Another PPP solution, by the open source software goGPS 
(Herrera et al 2016), was employed to validate the correctness 
of our computations.

GPS network

The experiment is performed at the local scale over Lazio 
Region, in Central Italy, referring to the period 28 July–28 
September 2017 and using only GPS observations. The 
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network (figure 1) is composed by 26 geodetic receivers from 
three different permanent networks (ItalPos, Netgeo and Rete 
Lazio) and 3 single frequency receivers, which constitute a 
single frequency receivers pilot network; these receivers are 
located on the roofs of three buildings in Rome (figure 1), at 
inter-distances lower than 15 km:

 1.  Department of Civil, Constructional and Environmental 
Engineering of Faculty of Civil and Industrial 
Engineering, Sapienza University of Rome

 2.  Institute of Atmospheric Science and Climate, National 
Council of Research

 3.  National Institute of Geophysics and Volcanology

Ionospheric modelling for single frequency receivers: A new 
strategy

L2 observation for GNSS single frequency receiver is recon-
structed through a new methodology, starting from the obser-
vations acquired by a unique geodetic class receiver (for which, 
of course, L1 and L2 are available) placed in its surroundings. 
The algorithm computes the time variation epoch-by-epoch of 
the ionospheric delay for each satellite in view from a geodetic 
class receiver through the geometry—free linear combina-
tion to its carrier phase observations (L1 e L2). The observa-
tion equation  for the carrier phase for generic frequency (i), 
receiver (R) and satellite (S) can be written as follows.

LiSR = ρS
R + c

(
dtR − dtS)− IiSR + TS

R + λiNiSR. (1)

The terms represent, respectively, the geometric distance sat-
ellite/receiver, the difference between receiver and satellite 
clock offset, ionospheric and tropospheric delay and the mul-
tiplication of the wavelength and initial ambiguity term.

Omitting relative indices for the receiver and the satellite, 
the ionospheric delay I1 can be computed in the hypothesis no 
cycle slip occurred.

L1 − L2 = −I1 + I2 = −I1 + I1
f 2
1

f 2
2

. (2)

Where f i represents the signal frequency. These ionospheric 
delays variations are mapped, using the concept of MF in 
Zenith direction (Iz1). Single Layer Models (SLMs) are com-
monly used in Geodesy to model Ionosphere by its thin shell 
approximation placed at a mean height of 350 km from the 
Earth surface. Furthermore, the use of a MF allows to project 
in Zenith direction (Iz1) the ionospheric delay I1 computed 
on the line of sight. In this methodology single-layer model 
(SLM) MF (Schaer 1999) is used; it assumes that the electron 
density field over a general GNSS station is spherically sym-
metric (figure 2). The relation between Iz1 and I1 follows.

Iz1 = I1 cos Z′. (3)

Iz1 derives from the combination of (2) and (3).

Iz1 =
(L1 − L2)

f 2
1 −f 2

2
f 2
2

cos Z′. (4)

Therefore, considering two consecutive epochs, the time vari-
ation of ionospheric content in Zenith direction δIz1 can be 
obtained.

δIz1 =
δ(L1 − L2)

f 2
1 −f 2

2
f 2
2

cos Z′. (5)

In a similar way, it is possible to reconstruct the ionospheric 
delay I1* for the satellites in view from a generic GNSS single 
frequency receiver placed at a distance 

−→
∆R from the consid-

ered reference station (figure 2).

I1∗ =
Iz1

cos Z′∗ =
(L1 − L2)

f 2
1 −f 2

2
f 2
2

cos Z′

cos Z′∗ . (6)

In fact, using the MF allows to take in account the different 
path followed by the signal that, starting from the satellite S, 

Figure 1. GPS permanent network.

Figure 2. Schematic representation of the innovative methodology.
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is collected by two different receivers and, for this reason, it 
has a key role in the accuracy of the ionospheric model. At 
the end, the time variation of synthetic L2* observation, for 
each satellite in view from both the receivers at the same time, 
follows.

δL2∗ = δL1∗ − δ(L1 − L2)
cos Z′

cos Z′∗ . (7)

The term cos Z′

cos Z′∗ can be obtained starting from simple trigono-
metric considerations.

cos Z′ =

Õ

1 −

Ñ ∣∣∣�R
∣∣∣ cos e∣∣∣�R
∣∣∣+ HI

é2

 (8)

cos Z′∗ =

Õ

1 −

Ñ ∣∣∣�R +
−→
∆R

∣∣∣ cos(e +∆e)∣∣∣�R
∣∣∣+ HI

é2

. (9)

Where �R  represents the Earth’s radius, HI the ionospheric 
height above the terrestrial surface, e the elevation of the S 
respect to the GNSS dual frequency receiver R, (e  + ∆e) 
the elevation of the satellite S respect to the GNSS single 
frequency receiver R′ and 

−→
∆R the distance between the two 

receivers. The same strategy can be applied in order to obtain 
the synthetic pseudorange transmitted on L2 frequency to 
perform a code-based positioning technique, such as single 
point positioning (SPP) or differential code-based positioning 
(DGNSS).

GPS processing

Starting from the dual frequency observational files (RINEX 
Version 3 format) collected by the geodetic receivers at 30 s 
rate, the PPP technique (Zumberge et al 1997), undifferenced 
phase observation processing, was applied using Ionospheric 
free combination in order to estimate both coordinates and 
ZTD values for each epoch, by daily processing sessions. 
Moreover, having used the combined post-processing option 
in RTKLIB (as implemented in RTKLIB (Takasu and Yasuda 
2009)), it was not necessary to speed up the convergence time. 
As regards the ancillary products (ephemeris and clocks), 
we used precise products provided by the Center for Orbit 
Determination in Europe (CODE). For what concerns the 
software, we opted for RTKLIB software. An example of 
results is shown in figure 3.

The same procedure was followed for the three single 
frequency receivers, after the reconstruction of L2 synthetic 
observations by the new original ground-based augmentation 
strategy described before.

The validation procedure by other software was conducted 
only for single frequency devices, whereas for what concerns 
geodetic receivers, an explanatory test was conducted put-
ting in relation ZTD data obtained by ROUN (one geodetic 
receiver belonging to the network used in this study) with 
official estimations provided by EUREF Permanent GNSS 
Network for another geodetic receiver, M0SE. These two 

devices are co-located on the roof of Engineering Faculty of 
‘Sapienza’ University of Rome and their comparison reveal 
great consistency, as shown in figure 4.

As regards the validation procedure by goGPS, it was con-
ducted using a PPP batch processing at 30 s rate and ancillary 
products (ephemeris and clocks) by IGS (International GNSS 
Service); in the latter case, the reconstruction of L2 synthetic 
observations was obtained by SEID (satellite-specific epoch-
differenced ionospheric delay) model (Zou et al 2010).

The ZTD estimated by RTKLIB extended Kalman filter 
(EKF) is modelled as a white noise, random walk parameter; 
goGPS applies the same model, but instead of processing 
observations sequentially as in an EKF, all observations are 
adjusted together in a least-squares system. To introduce the 
random walk noise, a first-order Tykhonov regularization is 
applied, similarly to the approach followed by the GNSS pro-
cessing software Bernese (Dach et al 2015).

In this case study no outlier detection on ZTD estimates 
was employed.

The output comparison (figure 5), whose statistics are 
reported in table 1, shows the successful validation of com-
putations. Therefore, given the consistency of the estimated 

Figure 3. Example of ZTD output for PONZ geodetic receiver 
during the whole period.

Figure 4. Comparison between ZTD estimation by ROUN and 
ZTD from EUREF official estimation of M0SE.

Meas. Sci. Technol. 30 (2019) 055801
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ZTDs at 1 centimeter level, it was chosen to assimilate the 
results obtained by RTKLIB; performing a correlation anal-
ysis on these latter with data obtained by geodetic receivers. 
As an example, the comparative analysis carried out between 
a single frequency receiver (LOW1) and a geodetic receiver 
(ROUN), both located on the roof of Engineering Faculty of 
‘Sapienza’ University of Rome, is reported. As can be seen 
from the results (figure 6), LOW1 data show great consist-
ency with those of ROUN, so as to show a greater agreement 
between them [RMSE  =  0.63 cm], compared to the model 
[RMSE_LOW1  =  1.87 cm, RMSE_ROUN  =  1.47 cm].

RAMS model

We use RAMS model in a version maintained and developed, 
starting from the RAMS 6.0 model (Cotton et  al 2003), at 
ISAC-CNR. This version implements the WRF Single-
moment Microphysics Scheme 6 (WSM6, Hong and Pan 
1996), whose details about the implementation in RAMS is 
described in Federico (2016), and predicts lightning (Federico 
et al 2014). Important for this work, it is the use of the 3D-Var 
analysis package described in the next section and developed 
at ISAC-CNR (Federico 2013). Table 2 resumes the full list of 
physical parameterization schemes used in this paper.

The grid configuration for the numerical experiments uses 
two one-way nested grids (table 2, figure  7). The first grid 
(referred as R10) has 10 km horizontal resolution and covers 
the Central Mediterranean area. The second grid (referred as 
R4) has 4 km horizontal resolution, extends over most of Italy, 
and it is centered over Central Italy. The vertical levels are 36 
and extend from surface to the lower stratosphere while the 
vertical coordinate is terrain following.

Using the above configuration, we run the model at 10 km 
horizontal resolution starting at 00 UTC and performing a 15 h 
forecast on each day of the period considered. This forecast 
gives the initial and boundary conditions to the model at 4 
km horizontal resolution (figure 8). More specifically at the 
06 UTC on each day, the inner domain is initialized by the 
R10 model and performs a 9 h forecast (R4 forecast). At 12 
UTC, an analysis is made using as background the 6 h short-
term forecast of R4 and the ZTD data, estimated through 
GPS, collected at 12 UTC. Then a short-term 3 h forecast is 
made, R4_ANL, and the vertically IWV and ZTD at 12, 13, 
14 and 15 UTC are compared between R4 and R4_ANL, to 
quantify the benefits of the GPS-ZTD data assimilation in 
the analysis/forecast. We do not consider longer time scales 
because the innovations introduced by the GPS-ZTD data are 
rapidly advected out of the domain where the GPS receivers 
are located.

Figure 5. Comparison between single frequency receivers output during the whole period processed by RTKLIB (top) and goGPS 
(bottom).

Table 1. Statistics related to the difference between goGPS and 
RTKLIB results.

LOW1 LOW2 LOW3

MEAN (mm) 1 0 −1
ST.DEV. (mm) 11 10 12

Figure 6. Comparison between ZTD from geodetic receiver 
(ROUN) and ZTD from single frequency receiver (LOW1).

Meas. Sci. Technol. 30 (2019) 055801
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3D-Var data assimilation

We extended the 3D-Var analysis scheme of the RAMS model 
(Federico 2013) to assimilate the GPS-ZTD. The aim of the 
3D-Var is to minimize the cost-function J(x) given by:

J (x) =
1
2
(x − xb)

TB−1 (x − xb) +
1
2
(yo − H (x))TR−1 (yo − H (x)) .

 (10)
Where xb is the background state vector, B is the background 
error matrix, y o is the observation vector, R is the observation 
error matrix and H is the forward observation operator, trans-
forming the state vector into the observed variable (simulated 
ZTD in correspondence of the GPS receivers in this case).

xb is a column vector whose length is nvar  ×  nxyza, 
where nxyza is the number of the RAMS grid points, i.e. 
nxyza  =  nnxp * nnyp * nnzp, and nvar is 2, the mixing ratio of 
water vapour and temperature. Stated in other terms we order 
the model values of water vapour mixing ratio and temperature 
in a column vector, where the first nxyza components refer to 
water vapour mixing ration and the second nxyza values refer 
to temperature. Each of the variables is ordered starting from 
the SW corner of the first model vertical level and moving 
first towards east and then to the north. Once the first level is 
completed we pass to the second level, and so on until the NE 
grid corner of the last level is reached.

The B matrix contains a description of the model error as 
a function of the position and level and is decomposed in the 
three spatial directions as detailed below in this section.

y o is a column vector whose length is np, i.e. the number 
of observations available at the assimilation time after the 
quality control procedure has been applied to the ZTD data, 
estimated through GPS, from here on out considered as obser-
vations (see next Section for the details on the quality control 
applied).

The H operator, transforming the state vector into ZTD, is 
described in appendix.

In the RAMS-3D-Var, the cost-function is implemented 
in the incremental form (Courtier et al 1994) by introducing 
the transform x′  =  Uν, where x′  =  x  −  xb and U is chosen 
to satisfy the relationship B  =  UUT. Using this transform, the 
cost-function (1) can be written as follows:

J (v) =
1
2

vTv +
1
2
(yo − HUv)TR−1(yo − HUv)

 
(11)

where H is the linearization of the forward operator H and 
y′o  =  y o  −  H(x).

In general, the RAMS 3D-Var is able to assimilate ver-
tical profiles of temperature, relative humidity and winds, 
as discussed in Federico (2013). New features of the 3D-Var 
include the assimilation of radar reflectivity and GPS-ZTD, 
while lightnings are assimilated through nudging. Finally, 
surface observations are assimilated by Optimal Interpolation 
(Kalnay 2003, Federico 2011). In this paper, however, only 
GPS-ZTD estimated through GPS are considered observa-
tions for the RAMS 3D-Var and are assimilated.

To discuss more in detail the transformation x′  =  Uν we 
note that the B matrix is decomposed in the three spatial direc-
tions B  =  Bz By  Bx. The Bx and By  matrices depend on the 
spatial distance between two grid-points and represent the 

Table 2. List of physical parameterizations used for RAMS in this paper.

Physical parameterization Selected scheme

Parametrized cumulus convection Modified Kuo scheme to account for updraft and downdraft (Molinari and Corsetti 1985). The 
scheme is applied to R10 only

Explicit precipitation  
parameterization

Bulk microphysics with six hydrometeors (cloud, rain, graupel, snow, ice, water vapour). Describer 
in Hong and Lim (2006)

Exchange between the surface, the 
biosphere and atmosphere.

LEAF3 (Walko et al 2000). LEAF includes prognostic equations for soil temperature and moisture 
for multiple layers, vegetation temperature and surface water, including dew and intercepted rainfall, 
snow cover mass and thermal energy for multiple layers, and temperature and water vapour mixing 
ratio of canopy air

Sub-grid mixing The turbulent mixing in the horizontal directions is parameterized following Smagorinsky (1963), 
vertical diffusion is parameterized according to the Mellor and Yamada (1982) scheme, which em-
ploys a prognostic turbulent kinetic energy

Radiation scheme Chen and Cotton (1983). The scheme accounts for condensate in the atmosphere, but not for specific 
optical properties of ice hydrometeors

Figure 7. Domains of R10 (D1), R4 and R4_ANL (D2) forecasts. 
The most important parameters of the domains are given in table 2.

Meas. Sci. Technol. 30 (2019) 055801
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background error correlation length scale. For these matrices, 
a Gaussian form is assumed:

Bx = e
− x2

2L2
x ; By = e

− y2

2L2
y (12)

where Lx and Ly  are the background error length-scales that 
are determined by the National Meteorological Center (NMC) 
method (Parrish and Derber 1992). The determination of the 
length-scales was performed considering two sets of short 
term forecasts, 12 h and 24 h respectively, verifying at 12 UTC 
on each day for the whole period and applying to these fore-
casts the NMC method (Parrish and Derber (1992), see Barker 
et al (2004) and Federico (2013), for the details on the meth-
odology). The results gave length-scales ranging between  
20 and 30 km, depending on the model level.

The Bx and By  matrices are symmetric and positive defined 
and can be decomposed in the eigenvectors and eigenvalues 
matrices. For example, Bx  =  VLVT, where L is the matrix 
of eigenvalues (i.e. a square diagonal matrix having along 
the diagonal the eigenvalues and zeroes elsewhere) and V is 
the matrix whose columns are the eigenvectors. Using this 
decomposition, the transform Ux is: Ux  =  VL1/2, and similarly 
for Uy .

The Bz matrix is also computed by the NMC method. In 
addition to the correlation length in the vertical direction, Bz 
takes into account the model error at each level. For the water 
vapour mixing ratio, this error is about 2 g kg−1 at the surface 
and decreases with height. In particular, it is larger than 0.5 g 
kg−1 below 4 km, and less than 0.2 g kg−1 above 5 km.

For temperature, the model error is more than 2 K at the 
surface, and then it decreases with height being less than 0.5 K 
above 2 km. The temperature error is less than 0.5 K up to 
11 km, where it increases reaching 1.5 K at 13 km, showing 
the impact of the correct location of the tropopause on the 
model error. Above 14 km the temperature error decreases 
with height up to the model top.

It is noted that cross correlations among variables are not 
considered in this paper and the analysis of GPS-ZTD data 
impacts the water vapour mixing ratio and the temperature of 
the model, leaving unchanged other variables. Moreover, the 
impact of the data assimilation on temperature is very small 
(less than 0.05 K).

The errors of the GPS receivers are assumed uncorrelated 
and the R matrix is diagonal. The error of each GPS-receiver 
is 1 cm and, when more than one observation is found inside 
a grid box, only the first observation is considered. Among 
the twenty-nine receivers considered in this paper four were 

excluded because they are in the same grid box of other 
receivers (two in Viterbo, VIRB and VITE, one in Latina, 
LTNA, and the single frequency receiver LOW1).

The minimization of the cost-function is performed by the 
conjugate-gradient method (Press et al 1992). Finally, details 
on the H operator are given in appendix.

Bias correction and data quality control

In a data assimilation system, the observations are assumed 
unbiased (Lorenc 1986). To ensure this requirement, we 
computed the bias between the background and the observa-
tions over the whole period and determined its value for each 
receiver. The bias was then removed from the observations.

After the bias correction, we introduced two quality con-
trols. Our experiment is at 4 km horizontal resolution and the 
representation of local orography can be rather different from 
the reality for specific receivers located in complex terrain. To 
avoid large extrapolation/interpolation of the model output to 
the receiver location we excluded all the receivers having a 
height that differs by more than 300 m compared to the model 
surface height. This left out 4 receivers belonging to the used 
permanent network over the Lazio Region, leaving the 29 
receivers of the network shown in figure 1. As stated in the 
previous section, among the 29 receivers four were discarded 
because occurring in the same grid box of other receivers.

To avoid introducing excessive departure between the 
observations and the background, an observation was dis-
carded if its difference with the background was larger than 
4 cm. This value, which is more conservative than that used in 
other studies (Bennitt and Jupp 2012), was found by trials and 
errors, and ensured a reasonable performance of the analysis 
for days when the background performance was particularly 
poor.

Results

Analysis

In this section, we quantify the impact of the analysis at each 
station for the whole period. As stated in the previous section, 
when more than one receiver fall in the same grid cell only 
one of them is assimilated, however the errors are quantified 
for all receivers both assimilated and non-assimilated.

In doing the analyses the single frequency receivers were 
considered the same way as the geodetic receivers. There are 
two main reasons for this choice. First, when considering 

Figure 8. Temporal scheme of the simulations. At 6 UTC of each day a 9 h forecast is performed (R4), using the R10 forecast as initial and 
boundary conditions. At 12 UTC an analysis is made and a short-term forecast (3 h) starting from this analysis is performed (R4_ANL).
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the performance of the background against observations, the 
single frequency receivers did not show any different or spe-
cific behavior compared to other receivers (see figures  8(a) 
and (b)). Second, an initial test was done in which the analyses 
were performed considering only the geodetic receivers, i.e. 
without assimilating the single frequency receivers. This test 
showed that the single frequency receiver observations were 

closer to the analysis than to the background confirming, indi-
rectly, the possibility to use them the same way as geodetic 
observations in performing the analysis. This is shown for the 
LOW1 receiver and for the ZTD in figure 9. The RMSE of the 
background is 1.74 cm, which reduces to 1.06 cm for the anal-
ysis. The correlation coefficient is 0.88 for the background 
and 0.96 for the analyses.

Figure 9. Comparison between the background (figure (a)) and analyses (figure (b)) with the observations of the LOW1 receiver. For this 
experiment none of the single frequency receivers were assimilated.

Figure 10. (a) RMSE of the ZTD for the background (R4) computed over the whole period; (b) as in (a) for the analysis (R4_ANL); (c) 
RMSE of the IWV for the background (R4) computed over the whole period; (d) as in (c) for the analysis (R4_ANL).
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Figure 10(a) shows the RMSE of the GPS-ZTD computed 
for the background and for the whole period at 12 UTC. Its 
value ranges between 0.9 cm and 2.1 cm, depending on the 
station. After the analysis, the error is considerably reduced, 
with values ranging from 0.3 cm to 1.8 cm. The ZTD error is 
reduced for all stations. Similar considerations apply for the 
Bias (not shown). In particular, the absolute value of the bias 
decreases for most stations (twenty-one out of twenty-29) for 
R4_ANL compared to R4.

The correlation coefficient between R4_ANL and the 
observations (not shown) increases for receivers compared to 
that between the background and the observations and all the 
correlation coefficients between R4_ANL and the observa-
tions are larger than 0.9.

The performance of the analysis is quantified also for the 
IWV, which is computed from the ZTD following Bevis et al 
(1992). The error for the background is shown in figure 10(c), 
which shows errors ranging from 2.0 mm to 3.6 mm, depending 
on the station. The analysis modifies the IWV showing an 
important impact (figure 10(d)), with errors ranging from 
0.1 mm to 2.4 mm. For the bias and the correlation coefficient 
(not shown) similar considerations to the ZTD apply.

It is interesting to examine the behavior of the analysis for 
a specific site for the whole period. We choose the ROUN 
receiver (the position of this station is very close to the LOW1 
receiver in figure 1 and the black dot is not visible because it 

is under the red-dot of the LOW1 receiver) because it is repre-
sentative of the results obtained for most receivers.

Figure 11(a) shows the correlation, for the whole period at 
12 UTC, of the ZTD for the background (x-axis) and obser-
vations (y -axis). The correlation coefficient is 0.91, demon-
strating the ability of the background to follow the evolution 
of the ZTD from day to day. The RMSE is 1.4 cm (figure 8(a)). 
There are also outliers of the ZTD estimated by the back-
ground, which occur for specific days when the background 
performance was particularly poor. The correction given by 
the analysis is significant, as shown in figure 11(b). The cor-
relation coefficient is 0.98 and the RMSE is 0.67 cm, almost 
halved compared to the background value.

Figures 11(c) and (d) shows the impact of the analysis on 
the IWV. The RMSE for the background is 2.3 mm and the 
correlation coefficient is 0.92. For the analysis the RMSE is 
1.1 mm and the correlation coefficient 0.98.

In conclusion all the above results show the important and 
positive impact of the ZTD data assimilation to define the 
analysis fields that can be used to initialize the model.

Impact on the very short-term forecast

In this section  we show the impact of the assimilation of 
the GPS-ZTD on the time-series of both the analysis and 
very short-term forecast (VSF, 1–3 h) of the ZTD and IWV 

Figure 11. (a) Correlation between the background and the observations for ROUN for ZTD; (b) as in (a) for the analysis; (c) correlation 
between the background and the observations for ROUN for IWV; (d) as in (c) for the analysis.
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averaged over all the receivers. For the RAMS simulations, 
i.e. R4 and R4_ANL, the fields of ZTD and IWV are first 
interpolated to the receivers’ positions, and then the average 
over all receivers is considered. For the observations we con-
sider the average over all the receivers.

Figure 9(a) shows the results for the ZTD at the analysis 
time, i.e. 12 UTC. There is a clear day-to-day dependence, 

which is caused by the variability of the water vapour over the 
study area. For some days (for example day 15 and 35), when 
the error of the control simulation (R4) is larger, the impact of 
the GPS-ZTD data assimilation is apparent, however for most 
days it is difficult to see the difference between the simulations 
and observations. A similar consideration applies for the IVW 
(figure 9(b)). The time series of IWV for R4 and R4_ANL 

Figure 12. Time series of the R4, R4_ANL and observations (OBS) for ZTD (figure (a)), IWV (figure (b)) and for the differences between 
R4 and observations and between R4_ANL and observations for ZTD (figure (c)) and IWV (figure (d)).

Figure 13. Time series of the differences between R4 and observations and between R4_ANL and observations for ZTD (figure (a)) and 
IWV (figure (b)). Verification at 1 h forecast.
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shows differences between the two simulations of the order 
of 1 mm (3%–5% of the IWV depending on the day) and for 
some days larger than 2 mm (6%–10% of IWV depending on 
the day). This variation is not negligible because it represents 
an average over all the receivers and the differences are higher 
for specific locations.

The difference between the analysis and background for 
ZTD and IWV before and after the analysis can be represented 
more clearly considering the differences between R4 and 
GPS-derived ZTD and between R4_ANL and GPS-derived 
ZTD (figure 12(c) for ZTD and figure 12(d) for IWV). This 
representation highlights the improvement of the analysis 
compared to the background, because the blue line is closer 
to zero than the red line. The RMSE for ZTD is 0.90 cm for 
R4 and 0.41 for R4_ANL. For the IWV the RMSE after the 
analysis is 0.65 mm, while it is 1.45 mm for the background.

The differences between R4 and observations and R4_ANL 
and observations at 13 UTC, i.e. for the 1 h forecast, show 
an improvement of the forecast starting from the GPS-ZTD 
analysis for both ZTD (figure 13(a)) and IWV (figure 13(b)). 
At this time, there are some days when the forecast starting 
from the analysis is worse than the background, nevertheless 
the forecast at 1 h is improved for most days. This is confirmed 
by the statistics taken over the whole period at 13 UTC (table 
3). For the ZTD, the RMSE is 0.85 cm for R4 and 0.65 cm for 
R4_ANL. For IWV, the RMSE at 13 UTC for R4 is 1.4 mm, 
while it is 1.1 mm for R4_ANL.

The forecasts at 14 and 15 UTC show characteristics sim-
ilar to those of 13 UTC, and the forecast starting from the 12 
UTC analyses has a lower error compared to the background. 
The statistics are detailed in table 4.

The RMSE is reduced by more than 10% of its value for 
both ZTD and IWV, showing a non-negligible impact of the 
GPS-ZTD data assimilation on the VSF.

Conclusions

This paper presents an extension of the RAMS 3D-Var data 
assimilation system to assimilate GPS-ZTD. The method 
is applied to the period 28 July–28 September 2017 using 
29 GPS-receivers over the Lazio Region, Italy. GPS-ZTD 
is derived using the Precision Point Positioning technique 
implemented in RTKLIB.

The GPS network is composed by 26 geodetic receivers and 
by 3 single frequency receivers. The aim to extend the geo-
detic network with single frequency receivers is to cheaply 
enhance the representation of the atmospheric IWV, which is 
an important issue over complex terrain, as that considered in 
this study. Moreover, the assimilation of GPS-ZTD at the local 
scale could be important to better predict the precipitation at 
the local scale.

A preliminary study with single frequency receivers shows 
that they can be used in the data assimilation system because: 
(a) their error statistics did not show any specific behavior 
compared to other receivers; (b) the comparison between ZTD 
of the single frequency receivers with both the background and 
the analyses realized using only geodetic receivers showed a 
better agreement with the analyses.

Results show the important impact of the analyses on the 
ZTD and IWV fields. In particular, the RMSE of the analysis 
is more than halved compared to the background for most sta-
tions and the correlation coefficient between the analysis and 

Table 3. Basic parameters of the RAMS (R10, R4) grids. NNXP is the number of grid points in the WE direction, NNYP is the number 
of grid-points in the SN direction, NNZP is the number of vertical levels, DX is the size of the grid spacing in the WE direction, DY is 
the grid-spacing in the SN direction. Lx, Ly, and Lz are the domain extensions in the NS, WE, and vertical directions. CENTLON and 
CENTLAT are the coordinates of the grid centres. D1 refers to the first RAMS domain, D2 to the second domain.

D1, R10 D2, R4/R4_ANL

NNXP 301 201
NNYP 301 201
NNZP 36 36
Lx 3000 km 800 km
Ly 3000 km 800 km
Lz ~22 400 m ~22 400 m
DX 10 km 4 km
DY 10 km 4 km
CENTLAT (°) 43.0 N 43.0 N
CENTLON (°) 12.5 E 12.5 E

Table 4. Bias, MAE and RMSE for the analysis and for the three hours of forecast. Statistics are computed for the whole period and are 
shown for ZTD (second and third column) and for IWV (fourth and fifth columns).

Time

R4, ZTD (cm) R4_ANL, ZTD (cm) R4, IWV (mm) R4_ANL, IWV (mm)

Bias MAE RMSE Bias MAE RMSE Bias MAE RMSE Bias MAE RMSE

12 UTC 0.02 0.67 0.90 −0.10 0.18 0.41 0.04 1.08 1.45 −0.16 0.30 0.65
13 UTC 0.01 0.71 0.85 −0.08 0.46 0.65 0.02 1.15 1.39 −0.14 0.75 1.05
14 UTC 0.20 0.76 0.96 0.14 0.54 0.80 0.34 1.25 1.56 0.23 0.88 1.30
15 UTC 0.12 0.75 0.90 0.07 0.56 0.71 0.21 1.23 1.47 0.12 0.91 1.16
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the observations is larger than 0.9 for most stations. Similar 
results were found for IWV.

Because the area covered by the GPS receivers is rather 
small, the impact of the 3D-Var data assimilation on the fore-
cast was limited to the very short range (1–3 h). Results shows 
that the assimilation of GPS-ZTD reduced the RMSE error, 
computed over the whole period, by more than 10% of the 
background RMSE for both ZTD and IWV.

While the above results are encouraging, they are prelimi-
nary, and there are issues that need to be investigated in the 
future. Among them the following are highlighted:

 A)  The impact of the GPS-ZTD data assimilation must be 
studied for other parameters than IWV, in particular for 
precipitation. A numerical study over the whole Italy 
will be performed in the near future to study the impact 
of the GPS-ZTD data assimilation on the precipitation 
forecast for the HyMeX-SOP1 (HYdrological cycle in the 
Mediterranean Experiment-Special Observing Period 1), 
held between 5 September and 6 November 2012. For this 
period a database of GPS-ZTD observation of a dense net-
work of receivers is available (Bock et al 2016), as well as a 
detailed precipitation database. Both datasets are available 
through the HyMeX database (http://mistrals.sedoo.fr).

 B)  Considering that the average distance between two 
GPS receivers of the dense network used in this work 
is about 20 km, an explicit treatment of the observation 
spatial error correlation is needed to exploit the increased 
density of GPS network with single frequency receivers 
and to take into account for non-homogeneous density of 
GPS receivers. Considering the applicability of receivers 
not homogeneously distributed into modelling data 
assimilation procedures, (Lindskog et al 2017) (as well 
as Sánchez-Arriola et al 2016), in testing the data assimi-
lation of GNSS ZTDs by the Nordic GNSS Analysis 
Centre (NGAA), found that potential improvements can 
be found reducing thinning distance of the ZTD observa-
tions and, therefore, using more data. At the same time, 
they also found an increased forecast bias for humidity, 
likely caused by the increased influence of correlation 
errors. The horizontal observation error correlations 
will be considered in future works to optimise the use 
of non-homogeneous high-resolution GPS-ZTD data. 
Future studies will be conducted in this direction using, 
for example, the methodology of Bormann and Bauer 
(2010).
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Appendix

The forward observation operator H
The forward observation operator computes the ZTD from 

the model variables. The ZTD can be expressed as:

H = ZTD = 10−6
ˆ z=∞

z=0
Ndz. (A.1)

Where z is the model height above the surface and N is the 
scaled-refractivity. N can be expressed as:

N =
k1pd

T
+

k2pv

T
+

k3pv

T2 . (A.2)

Where p d is the partial pressure of dry-air, p v is the water 
vapour partial pressure, T is the temperature and k1, k2, and k3 
are refractivity constants (Bevis et al 1992).

Substituting p d  =  p   −  p v into equation  (A.2), where p  is 
the total pressure, and combining the second and third term of 
equation (A.2) (Bevis et al 1992), the scaled-refractivity can 
be expressed as:

N =
ap
T

+
bpv

T2
 

(A.3)

where the constants a and b are, respectively, 77.6 Kh Pa−1 
and 3.73  ×  105 K2h Pa−1. The expression (A.3) is used in our 
implementation of GPS-ZTD data assimilation.

RAMS uses an Arakawa-C grid in the vertical, where the 
thermodynamic and moisture variables are computed at the 
centre of the grid-box. In this configuration, all the terms in 
the RHS of equation (A.3) are defined at the half-levels and 
the computation of the integral of equation (A.1) is straight-
forward. In particular, the contribution of the ith model layer, 
whose vertical heights are between zi and zi+1, to the ZTD is 
given by:

∆ZTDj = 10−6Nj(Zj+1 − Zj) (A.4)
and

Nj =
apj

Tj
+

bpvj

T2
j (A.5)

and pressure is computed from the Exner function, which is a 
dependent variable of RAMS. Equations (A.4) and (A.5) are 
computed from the model surface to the model top and the 
contribution of each level is summed to give the ZTD of the 
modelled layer of atmosphere, i.e. from surface o about 22 km 
(table 2). Similarly to Bennitt and Jupp (2012), we account for 
the contribution to the ZTD from the model top to the top of 
the atmosphere.

This ZTD above the model top can be accounted by 
neglecting the second term in equation (A.5) above the model 
top, i.e. assuming that the contribution of water vapour to the 
ZTD is negligible above the model top, and assuming the 
hydrostatic equilibrium. Integrating equation  (A.1) from the 
model top to the top of the atmosphere we have:

ZTDTOP =

ˆ ∞

zTOP

N dz = 10−6
ˆ PTOP

0

ap
T

dp
ρg

=
10−6aR

g
pTOP.

 (A.6)
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Where ρ is the air density, p TOP is the pressure at the model 
top, g is the gravity acceleration, R is the gas-constant for dry 
air and we used the equation of state of the dry air.

Other authors, for example Poli et al (2007), account for 
the (small) contribution of ZTDTOP in the bias correction.
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