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In the present work, a maiden attempt has been made to derive precipitable water vapour (PWV) using IRNSS datasets. 
A least square differential correction approach is used in modelling to process datasets. PWV is estimated for different days 
of January, April, July, and November of the year 2019 to observe its variation over different seasons. Meteorological 
datasets used in the estimation of zenith hydrostatic delay (ZHD) and weighted mean temperature estimation are taken from 
the National Centers for Environmental Prediction (NCEP) at the location. The obtained PWV values are validated with 
GPS-derived PWV and Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis datasets. 
The results show that PWV derived using IRNSS datasets are close to the other reference values. The difference of 3 mm to 
7 mm was observed if compared with GPS-derived PWV and MERRA PWV values. Since each satellite signal is available 
at all times, PWV is estimated using the individual satellite data and combined data from all the IRNSS satellites. As the 
IRNSS constellation includes both geostationary and geosynchronous satellites, it is observed that PWV estimated using 
geostationary satellite datasets is close to the reference datasets having a difference of 3 to 5 mm. However, estimated PWV 
using geosynchronous satellite data have more variation with differences within 3 to 7 mm. Combined data from all the 
satellites was also used to derive the PWV which has a difference of close to 5 mm in all the cases. The obtained PWV 
values using IRNSS data show a good correlation with GPS PWV and MERRA PWV values and provide a good estimate of 
PWV. 
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1 Introduction 
The primary objective of navigation constellations is 
to provide precise positions at various levels. Ground 
or space-based receivers receive the signals from 
these satellites which are used to find their position. 
Various constellations are available in space. Global 
positioning systems (GPS) owned by the United 
States of America, GALILEO by the European space 
agency, Russia’s GLONASS, and BeiDou from China 
are a few examples of such constellations. India also 
developed its navigation constellation named Indian 
Regional Navigation Satellite System (IRNSS) also 
called Navigation with Indian Constellation (NaVIC), 
to provide services within the Indian region. The 
seven-satellite constellation, IRNSS developed by the 
Indian Space Research Organization (ISRO) is 
designed to provide precise positions to the users in 
the primary service area (India and 1500 km around 
the Indian mainland). Though these constellations are 
primarily used for precise positioning, their signals 
also can be used to derive atmospheric parameters as 

they travel from the satellite to the receiver and carry 
the atmospheric information. 
 

Precipitable water vapour is such a parameter that is 
important for various atmospheric analyses like 
weather forecasting, nowcasting, rainfall prediction, 
weather monitoring, etc. Precipitable water vapour not 
only affects the troposphere area but is also a 
noticeable source of water in the stratospheric area. It is 
a common and more efficient greenhouse gas than 
carbon dioxide, primarily for global warming. The 
water vapour passes the short-wave radiation coming 
from the sun but traps the longwave radiation going 
back from the Earth's atmosphere and thus the 
temperature will rise and also the water vapour will rise 
which increases the greenhouse effect. The water 
vapour also plays a continuity during the condensation 
process and the process of vapour formation. The most 
important thing is that until today water vapour 
estimation and monitoring using various techniques is 
still limited. On the other side, global navigation 
satellite system (GNSS)-based PWV retrieval is the new 
dimension that provides continuous measurements, 
unlike other ground and space-based measurements 
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which have spatiotemporal limitations or are not 
cost effective. In the process of PWV retrieval, 
zenith tropospheric delay (ZTD) is estimated after 
processing GNSS data which is further used for zenith 
wet delay estimation (ZWD) after subtraction 
of zenith hydrostatic delay (ZHD). This ZWD is 
further used in PWV computation. 

Various studies have been made for PWV retrieval 
using GNSS data and its impact on the atmosphere. 
Bevis et al. gave a concept of GNSS meteorology and 
stated that dense Global Positioning System (GPS) 
networks could be used to derive the vertical 
distribution of water vapour in the local area1. Niell 
presented global mapping functions to estimate delay 
in radio signals at different elevation angles2. Dai 
et al. derived PWV from using 54 North American 
GPS stations data and studied its diurnal variations for 
the period 1996–20003. Wang et al. developed an 
analysis technique to convert ZPD to PWV on a 
global scale and produced a 2 hourly PWV dataset 
from ground-based GPS measurements4. Jade and 
Vijayan first time used the Indian GNSS network data 
and derived PWV using GPS and NCEP reanalysis 
data over the region5. Adams et al. proposed the 
world's first equatorial GNSS meteorology network to 
examine the evolution of water vapour during the 
shallow-to-deep convection transition, mesoscale 
organization, and propagation of convective systems 
in the Amazon Region6. Bonafoni et al. assessed the 
accuracy of PWV from the GPS network in central 
Italy as around 0.07 cm7. Joshi et al. derived the PWV 
for the central Himalayan district and compared it 
with MODIS data8. Shoji et al. estimated PWV 
around CORS at the local level using slant path 
delay9. Arboledas et al. evaluated the AERONET 
water vapour and compared it with GPS, radiosonde, 
and microwave radiometry measurements10. Singh et 
al. estimated the precipitable water vapour from GPS-
derived zenith delays using radiosonde data in India11. 
Alshawaf et al. estimated the atmospheric water 
vapour using GNSS and surface meteorological data 
and compared it with the WRF produced PWV, which 
shows a good agreement with GNSS-derived PWV12. 
Liang et al. used the Chinese GNSS network data for 
precipitable water vapour measurements and its 
meteorological applications13. Lu et al. used the 
Beidou and GPS data for real time precipitable water 
vapour retrieval and produced comparable results14. 
Jiang estimated PWV using GNSS data over China 
and carried out a comparative study with the NWP 
reanalysis and Sun photometer data sets15. Isioye et al. 

carried out a study on GNSS-based PWV estimation 
over Nigeria16. The obtained results are compared 
with AIRS and reanalysis datasets. Kitpracha et al. 
estimated precise tropospheric delay using the GNSS 
PPP technique in Thailand and compared the results 
with IGS products and tropospheric model results17. 
Hankansujarit and Andrei processed the CUSV IGS 
station data using the PPP method for PWV 
derivation18. Yao et al. proposed a fusion model for 
the integration of GNSS and ECMWF data PWV data 
for accuracy improvement19. Zhang et al. have 
retrieved the precipitable water vapour using ground 
and space-based GNSS, Radiosonde, microwave 
satellite, and NWP reanalysis data and conducted a 
comparative analysis among all20. Recently, Liu et al. 
used an interpolation method for refining the 
precipitable water vapour (PWV) values derived from 
GNSS. They have shown that the predicted 
performance of the new method is better than the 
conventional method21. Meunram and Satirapod 
derived the PWV over Thailand and carried out an 
analysis to determine the PWV coverage distance 
from each CORS and found that PWV derived from 
CORS will be useful within the radius of 74 km from 
CORS22. Darrag et al. estimated the PWV for the east 
Mediterranean using GNSS and observed the highest 
temporal and spatial variation values were 25.41 mm 
and 19.67 mm, respectively23. 

In most of these studies, GPS data are used 
primarily which is the medium earth orbit (MEO) 
constellation. In this work, for the first time a study 
has been made to derive precipitable water vapour 
using IRNSS datasets which are also GEO based 
constellation. Though the IRNSS is used for precise 
positioning primarily, the satellite data received by a 
ground-based receiver also can be used for 
atmospheric applications like other constellations. An 
IRNSS receiver developed by “Accord Software and 
Systems” is set up at the Indian Institute of Remote 
Sensing (IIRS), Dehradun in static mode (Fig. 1). This 
continuously operating receiver receives the signals 
from all satellites of the IRNSS constellation, 
processes the datasets, converts it into readable 
formats, and provides accurate positioning. IRNSS 
datasets from this receiver are retrieved and used for 
PWV estimation. PWV is estimated for the various 
days of different months in a year to observe its 
variation over the months. PWV is computed using 
the data of individual satellites to observe the PWV 
results separately. However, PWV is also estimated 
using combined data from different sources, since it 
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covers different directions and angular heights. The 
obtained results are very well compared with the 
GPS-derived PWV results and MERRA2 reanalysis 
data. Finally, a detailed statistical analysis is made to 
compare and validate the obtained results. 

2 Data Description and Methodology 
IRNSS has seven satellites in its constellation, out 

of seven four are geosynchronous satellites located at 
2 each at 55o and 111o longitudes and three are 
geostationary satellites which are located at 34.5o, 83o 
and, 131.5o longitudes. The elevation angles for two 
geosynchronous satellites are 29o and for the other 
two are -29o. IRNSS receiver provides L5 data at a 
1-sec interval which are taken in the present study.
Raw datasets are processed through the software
which is provided by Accord Software and Systems.
The processed data contain pseudoranges, receiver
position, IRNSS satellite orbital parameters,
ionospheric delay, and receiver and satellite clock
corrections which are downloaded in MS Excel
format. Ionospheric delay can be estimated using
either Klobuchar, grid-based, or dual frequency
models as provided in the IRNSS ICD document24.
However, to estimate the PWV over a particular
region, a more precise tropospheric delay is required
which is obtained using IRNSS data in the present
study. A detailed methodology adopted to estimate
PWV using IRNSS data is discussed in the following
sub-sections.

2.1 Tropospheric delay estimation 
The receiver receives the signal at a time 𝑡ଵwhich 

was transmitted from the IRNSS satellite at time 𝑡. 
The pseudorange (P) is estimated by multiplying the 
velocity of light in time difference.  

𝑃 ൌ 𝑐 ∗ ∆𝑡, where ∆𝑡 ൌ 𝑡ଵ െ 𝑡and c is the speed of 
light … (1)

This pseudorange includes the information of a 
tropospheric delay, ionospheric delay, receiver and 
satellite clock errors along with the geometric range 
as given in Eq. (2). 

𝑃 ൌ 𝜌 ൅ 𝑐 ∗ 𝛿௧ െ 𝑐 ∗ 𝛿௧భ ൅ 𝑇 ൅ 𝐼 ൅𝑀 ൅ 𝑒 … (2) 

Where 𝜌 is the geometric distance between the 
satellite and the receiver, 𝛿௧ is the receiver clock error, 
𝛿௧భis the satellite clock error, T path delay due to 
troposphere and I is the delay because of the 
Ionosphere. M is the multipath delay and depends upon 
the receiver location. In the present case, since the 
receiver is placed at such a location where no 
obstruction takes place, M is considered zero. 
Pseudorange, clock errors and Ionospheric errors 
outputs are also taken from the processed datasets. 𝑒 is 
the error term which includes the random error and an 
error that depends on elevation. Since the receiver 
receives the signal from the geostationary satellites 
which come at almost the same elevation angle and 
azimuths. There are very minor changes in angles in 
the case of geosynchronous satellites. So other than the 
known errors, any additional error in these directions 
can be fixed and modelled easily. These errors are 
modelled as a function of elevation and clubbed with 
random error 𝑒. 

The geometric range between satellite and receiver 
is estimated using the following equation: 

𝜌 ൌ ඥሺ𝑥௜ െ 𝑥ሻଶ ൅ ሺ𝑦௜ െ 𝑦ሻଶ ൅ ሺ𝑧௜ െ 𝑧ሻଶ … (3) 

here, (𝑥௜ ,𝑦௜,𝑧௜ሻ and (𝑥,𝑦, 𝑧ሻ are the coordinates of 
satellites and receiver respectively. i=1,2…7.To obtain 
the zenith tropospheric delay from the IRNSS data a 
differential correction approach using least square 
estimation is adopted. A differential correction approach 
is an iterative method in which a continuous updation of 
result will be there using the new datasets in every 
iteration until a required result will be obtained or 
obtained results comes closer to predermined threshold 
values. Assuming initial coordinates of the receiver is 
(𝑥,𝑦, 𝑧ሻ and tropospheric delay is T. This initial 

Fig. 1  IRNSS (NaVIC) receiver 
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information about the coordinates and delay either can 
be taken from the receiver data or other reliable source 
with proper validation. If the initial guess is not correct 
or it is far away from the actual coordinates, then a good 
solution may not be obtained or it may require more 
iteration to get good convergence. The actual 
coordinates of the receiver are given as  

𝑥௝ ൌ 𝑥 ൅ ∆𝑥௝  , 𝑦௝ ൌ 𝑦 ൅ ∆𝑦௝  , 𝑧௝ ൌ 𝑧 ൅ ∆𝑧௝ … (4) 

where (∆𝑥௝ ,∆𝑦௝ ,∆𝑧௝ሻ are the deviations from the 
actual values and are to be included in initial values after 
every iteration. The actual values can be written as  

𝑓൫𝑥௝ ,𝑦௝ , 𝑧௝ , 𝑧௝൯ ൌ 𝑓൫𝑥 ൅ ∆𝑥௝ , 𝑦 ൅ ∆𝑦௝  , 𝑧௝ ൌ 𝑧 ൅ ∆𝑧௝൯ 
… (5) 

Using Taylor series 𝑓൫𝑥 ൅ ∆𝑥௝ ,𝑦 ൅ ∆𝑦௝  , 𝑧௝ ൌ 𝑧 ൅
∆𝑧𝑗 can be expanded as 

𝑓൫𝑥௝ ,𝑦௝ , 𝑧௝൯ ൌ 𝑓ሺ𝑥, 𝑦, 𝑧ሻ ൅
డ௙ሺ௫,௬,௭ሻ

డ௫
∆𝑥 ൅

డ௙ሺ௫,௬,௭ሻ

డ௬
∆𝑦 ൅

డ௙ሺ௫,௬,௭ሻ

డ௭
∆𝑧 ൅

ଵ

ଶ!

డమ௙

డ௫మ
൅ … (6) 

The higher-order terms are neglected after the 
linear relation as the value of the power of small 
quantity will be very small further. The equation of 
pseudorange equation then becomes:  

𝑃௝ ൌ 𝜌௝ ൅
డ௙ೕሺ௫,௬,௭ሻ

డ௫
∆𝑥 ൅

డ௙ೕሺ௫,௬,௭ሻ

డ௬
∆𝑦 ൅

డ௙ೕሺ௫,௬,௭ሻ

డ௭
∆𝑧 ൅ 𝑐 ∗

∆𝑇 … (7) 

In matrix presentation it can be written as: 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
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𝜕𝑓ଵ
𝜕𝑥

𝜕𝑓ଵ
𝜕𝑦

𝜕𝑓ଵ
𝜕𝑧

. .

𝜕𝑓ଶ
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𝜕𝑓ଶ
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𝜕𝑓ଶ
𝜕𝑧

. .

𝜕𝑓ଷ
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. .
. . . . . . . .
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. .
⎦
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⎥
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⎥
⎥
⎥
⎤

൦

∆𝑥௝
∆𝑦௝
∆𝑧௝
. .

൪ ൌ

⎣
⎢
⎢
⎢
⎢
⎡
𝑃ଵ െ 𝜌ଵ
𝑃ଶ െ 𝜌ଶ
𝑃ଷ െ 𝜌ଷ

. .

. .
𝑃ே െ 𝜌ே⎦

⎥
⎥
⎥
⎥
⎤

 

 … (8) 

where N is the total no. of observations and j=1,2..n 
no of iterations. The Eq. (8) can be represented as 

𝐴𝑋 ൌ 𝑌  … (9) 

A is the design matrix with Nx4 dimensions. Using 
least square method the solution of Eq. (9) can be 
obtained as 

𝑋 ൌ ሺ𝐴்𝐴ሻିଵ𝐴்𝑌 … (10)

which provides the values of (∆𝑥,∆𝑦, 
∆𝑧,∆𝑇ሻ iteratively. The receiver coordinates and 
tropospheric delay are updated after every iteration until 
convergence achieved or for fixed iterations. 

2.2 Zenith tropospheric delay modelling 
The IRNSS receiver receives the signals at different 

elevation angles from different satellites. The 
troposphere causes the delay in the signal’s path with 
variable time length with respect to elevation angles. At 
lower elevation angles, the tropospheric delay will be 
maximum, while at zenith it will be minimum. To derive 
the PWV from IRNSS data at the receiver location, 
information about zenith tropospheric delay is required 
which can be converted from slant tropospheric delay 
using mapping functions. This delay is categorized in 
two components, hydrostatic delay and wet delay. The 
hydrostatic delay is estimated using the surface pressure 
which is almost 90% of total delay and wet delay is 
estimated by subtracting the hydrostatic delay from total 
delay. The hydrostatic delay component is present 
because of aerosols, gas particles, etc. On the other side, 
wet delay is occurred because of moisture present in the 
atmosphere, has less portion in the total delay, and 
difficult to estimate. The slant total delay at different 
angles can be written using Eq. (11) 

𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑙𝑎𝑦 ൌ 𝑍𝐻𝐷 ∗ 𝑚ℎሺ𝑒𝑙ሻ ൅ 𝑍𝑊𝐷 ∗ 𝑚௪ሺ𝑒𝑙ሻ … (11) 

where ZHD is the zenith hydrostatic delay and ZWD 
is the zenith wet delay. 𝑚ℎሺ𝑒𝑙ሻ and 𝑚௪ሺ𝑒𝑙ሻ are the 
hydrostatic and wet mapping functions that are 
required to estimate delay at different elevation angles. 
Mapping functions are useful to convert the zenith 
delay to slant delay. There are different mapping 
functions which are used to derive the slant delay from 
the hydrostatic delay and the wet delay. In this study, 
Niell mapping functions are used to determine the slant 
tropospheric delay at different angles. The lower 
elevation angle datasets are not used because of more 
interference in the signals. ZHD is estimated using the 
Saastamoinen model. 

ZHD ൌ
଴.଴଴ଶଶ଻଻∗௉

ଵି଴.଴଴ଶ଺଺∗ୡ୭ୱሺଶ∅ሻି଴.଴଴ଶ଼∗ு
… (12)

where P is the surface pressure (hPa), ∅ is the 
receiver latitude and H is the height of the station 
(Km). 

The hydrostatic and wet mapping functions given 
in Eq. (11), is defined as 
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𝑚ℎሺ𝑒𝑙ሻ ൌ
ଵା

ೌ

భశ
್
భశ೎

௦௜௡ሺ௘௟ሻା
ೌ

ೞ೔೙ሺ೐೗ሻశ
್

ೞ೔೙ሺ೐೗ሻశ೎

൅  
ௗ௠ሺ௘௟ሻ

ௗℎ
 … (13) 

ௗ௠ሺ௘௟ሻ

ௗℎ
ൌ

ଵ

௦௜௡ ሺ௘௟ሻ
െ 𝑓ሺ𝜀,𝑎ℎ௧ , 𝑏ℎ௧ , 𝑐ℎ௧ሻ … (14)

𝑚௪௧ሺ𝑒𝑙ሻ ൌ

1 ൅
௔ೢ೟

ଵା
್ೢ೟
భశ೎ೢ೟

𝑠𝑖𝑛ሺ𝑒𝑙ሻ ൅
௔ೢ೟

௦௜௡ሺ௘௟ሻା
್ೢ೟

ೞ೔೙ሺ೐೗ሻశ೎ೢ೟

… (15) 

where 𝑒𝑙 is the elevation angle. 𝑓ሺ𝜀,𝑎௛௧ ,𝑏௛௧ , 𝑐௛௧ሻ is 
the three-term continued fraction, aht, bht and cht are 
the height correction coefficients. 

Since in the present study, our objective is to 
determine wet delay using IRNSS data, the total 
tropospheric delay (T) given in Eq. (2) is divided into 
its hydrostatic and wet delay components as shown in 
Eq. (11) where ZWD is unknown variable. The 
pressure values obtained from NCEP are used to derive 
the zenith hydrostatic delay (ZHD) which remains 
almost constant for every iteration as there is not much 
change in atmospheric pressure during the day while 
the ZWD starting with the initial value is updated after 
every iteration considering all measurements. Other 
components of Eq. (2) are also retrieved form 
processed datasets for every iteration. So at the end of 
process, an updated ZWD will be retrieved which is 
further used for PWV estimation. 

2.3 Precipitable water vapour (PWV) 
The precipitable water vapour is estimated using 

following relation 

PWV=∏∗ ZWD … (16)

where Π is defined as 

Π ൌ
ଵ଴ల∗ெೢ

ఘோሺ௞మି௞భ
ಾೢ
ಾ೏

ା
ೖయ
೅೘

ሻ
… (17)

where 𝜌 is the density of liquid water, 𝑇௠  
is weighted mean temperature of troposphere 
(𝑇௠ ൌ 0.75𝑇௦ ൅ 62.6ሻ. Here 𝑇௦ is the surface 
temperature26. R, k1, k2, k3, Mw, Md are the 
constants.K1 = 77.69 Khpa-1, K2 = 71.2952 Khpa-1 and 
K3 = 3.776 * 10^5 K2hpa-1 

To get the reference values, GPS datasets are 
processed using GAMIT software and, obtained 
tropospheric delay is used for wet delay estimation. 
This wet delay is further used for PWV estimation 
using the Eqs (16) and (17). A GPS receiver is 
installed in the same campus to obtain the GPS data. 
MERRA PWV is downloaded from GIOVAANI 
portal over the location for the validation25. 

3 Results and Discussion 
Precipitable water vapour is an important 

component of the atmosphere. Its precise value is 
required for various applications like weather 
forecasting, now casting, rainfall prediction etc. 
GNSS provides continuous measurement of PWV in 
all weather conditions. In this work, an attempt is 
made to develop a methodology to derive the PWV 
using IRNSS datasets.  

From Fig. 2, it can be observed that there are three 
geostationary and 4 geosynchronous satellites. The 
geosynchronous satellite orbits in such a way that a 

Fig. 2  IRNSS (NaVIC) constellation 
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minimum of 4 satellites from this constellation are 
always visible to a receiver over the Indian region. 
However, their movement is limited over a spatial 
map and it transmits signals continuously to the 
receiver without any gap. The advantage of the geo-
based constellation is the all-time availability of 
signals from a single source for a particular region. 
However, in this case, signals are restricted to 
transmit from one direction. So, it can provide precise 
information on atmospheric parameters in that 
direction or it may have more impact from one 
direction while deriving the atmospheric parameter. 
On the other side, the low and medium earth orbit 
constellation transmits the signal continuously using 

more satellites that rise and set from the local horizon. 
The advantage, in this case, is that the signal comes to 
the receiver from all directions at different elevation 
angles, which provides the information of the 
surrounding atmosphere. This is essential while 
deriving the atmosphere information from these 
signals. Here, since the satellites rise or set from the 
local horizon, a different combination of satellites is 
visible to the receiver over some time. So, to derive 
the atmospheric parameters from these satellites, the 
biases, and errors of each satellite should be precisely 
known. 

Figure 3 shows that PRN2, PRN4, and, PRN5 are 
the geosynchronous  satellites and,  PRN3, PRN6 and, 

Fig. 3  Azimuth and Elevation pattern of IRNSS satellites over Dehradun 
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PRN7 are the geostationary satellites. PRN2 elevation 
varies from 20o to 70o while for PRN4 and PRN5 the 
elevation varies between 10o to 60o. This reflects that, 
though the zenith signals are not available still 
sufficient level of angular height is covered. In the 
case of azimuth variation of these satellites, PRN2 
signals are available within 210o to 270o and around 
120o with less variation for PRN4 and PRN5 shows 
that the signals are available from a very small 
segment of azimuth. The azimuth and elevation 
graphs of PRN3, PRN6, and PRN7 show an almost 
linear pattern. This means that the receiver receives 

signals from one direction at almost constant 
elevation and azimuth angles. Fig. 4 shows the 
movement of satellites in terms of Cartesian 
coordinates. It can be seen that very little change in 
the X and Y components, while only the Y 
component changes significantly for PRN2, PRN4, 
and PRN5. For PRN3, PRN6, and PRN7 there is 
almost no significant change in the coordinates. The 
figure also explains the pseudo-ranges which also 
show a similar pattern. The less variation in numbers 
plays an important role while estimating PWV. This 
way data from different directions will not be 

 
 

Fig. 4  X, Y, Z (ECEF) and Pseudo range variation of IRNSS satellites over Dehradun 
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obtained. However, modeling of error in one direction 
can be easy and does not have much variation. PRN1 
data are not available continuously so not taken in the 
study.  

PWV is estimated for the months of January, April, 
July, and November and is represented in Figs. 5-8 
respectively. Different months are selected to estimate 
the PWV for different sessions to validate the 
methodology while comparing with PWV derived 
from other sources and to observe the PWV variation. 
Since limited data are available for these months, 4 
representative days are selected of which data are 
available for a complete day from these months. In 
Fig. 5, the estimated PWV is shown for day no. 24, 
25, 26 and 28. This estimated PWV is compared with 
Modern-Era Retrospective Analysis for Research and 
Application (MERRA) PWV and GPS-derived PWV 
values. From the figure, it is seen that the estimated 
PWV using individual IRNSS satellite data is near to 

the reference values for all days. The difference 
between IRNSS-derived PWV and MERRA PWV 
varies between 3 to 5 mm. However, in the case of 
combined PWV, it is closer to MERRA PWV in most 
of the cases having differences within 5 mm. 
Similarly, if compared with GPS-derived PWV it also 
has a difference of nearly 3 to 5 mm. Fig. 6, which 
represents the PWV for April month shows a PWV 
difference of approximately 10 mm if PRN2, PRN4, 
and PRN5 data are used for day no. 107 while it is 
close to the reference PWV for day no. 110. This may 
also depend on particular day data quality. On other 
days, results of individual satellite-derived PWV also 
closely match with reference values. However, in the 
case of combined PWV that shows within 3 mm 
difference from reference values, is a good estimation 
of IRNSS PWV. A similar phenomenon also was 
seen for the monsoon session, where PWV estimated 
results are  close  to  the  reference  results and  have a 

Fig. 5  PWV variation for day number (a) 25 (b) 27 (c) 29 and (d) 30 in January 2019 
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Fig. 6  PWV variation for day number (a) 107 (b) 109 (c) 110 and (d) 111 in April 2019 
 

 
 

Fig. 7  PWV variation for day number (a) 190 (b) 194 (c) 195 and (d) 196 in July 2019 
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difference if combined data are used while it varies in 
case individual satellite data are used. The results are 
also close to the GPS-derived PWV. In the monsoon 
session, higher values of PWV are expected, as can be 
seen from Fig. 7 due to more water vapour present in 
the atmosphere. From the figure, it is also clear that 
using a developed algorithm for IRNSS data, it can be 
captured very effectively. However, convergence 
needs more iterations in some of these cases. The 
PWV was derived using combined data 3 to 4 mm 
difference from reference results. Fig. 8 represents the 
estimated PWV results for the month of November, 
which are after the monsoon session, and less PWV is 
expected in this case. For all the days a close 
observation of PWV with MERRA PWV was 
observed using IRNSS data. Combined PWV values 
have differences within 4-5 mm with reference 
values. 

Figures 9-11 represent the statistical relation 
between IRNSS PWV with GPS and MERRA PWV. 
From Fig. 9, a good correlation can be observed 
between IRNSS PWV and MERRA PWV. In the case 
of PRN2, PRN4, and PRN5 the R2 value is less 
compared to PRN3, PRN6, and PRN7. However, this 
also shows a good correlation. Fig. 10 shows a good 
correlation between GPS PWV and IRNSS PWV. 
Here, also IRNSS PWV retrieved from geostationary 
satellites correlates strongly with GPS PWV. Fig. 11 
shows a correlation between IRNSS PWV using 
combined data and GPS and MERRA PWV, which 
also holds a strong correlation. From this analysis, it 
can be stated that a good estimation of PWV can be 
obtained using individual IRNSS satellite data using a 
developed algorithm. Using the combined data from 
the satellites, the estimated PWV shows a strong 
correlation with reference results. 

 
 

Fig. 8  PWV variation for day number (a) 306 (b) 307 (c) 308 and (d) 309 in November 2019 
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Fig. 9  Regression analysis between IRNSS derived PWV and MERRA PWV 

Fig. 10  Regression analysis between IRNSS and GPS derived PWV 
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4 Conclusion 
In recent times navigation signals have been used 

to derive atmospheric parameters apart from its 
regular application of position estimation. GPS-
derived precipitable water vapour is an example of 
such an application and is used in weather forecasting 
and atmospheric applications. On the other side, India 
has developed its regional navigation system, of 
which signals are available at all times over the Indian 
region and used for precise positioning. In this work, 
the first time an attempt is made to derive the 
precipitable water vapour using IRNSS data. To 
obtain IRNSS data, an IRNSS receiver is set up at the 
top of a building at IIRS, Dehradun, which provides 
data at regular intervals. Since each satellite’s signals 
are available at all time over the region, PWV is 
estimated using individual satellite data separately 
and combined data from all the satellites. An 
algorithm is developed to estimate PWV using IRNSS 
data. The differential correction least square technique 
is applied to derive the zenith tropospheric delay 
(ZTD). Zenith wet delay (ZWD) is obtained after 

subtracting the zenith hydrostatic delay (ZHD) which is 
estimated using NCEP global reanalysis data. Further, 
ZWD is used to estimate PWV by multiplying a 
constant. Estimated PWV values are compared with the 
MERRA PWV values taken from the GIOVANNI and 
GPS-derived PWV values. The obtained results show 
good agreement with MERRA and GPS PWV values. 
This study shows that by using IRNSS data also a good 
estimation of PWV can be obtained. However, it 
depends on data quality, initial guess, convergence 
criteria, etc. and is subject to further improvement. 
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