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Precipitable water vapour (PWV) is estimated using GPS data collected from the continuous operating
reference station (CORS) located in Dehradun city, a valley in northwestern Himalayan region. PWV is
also estimated using two well-established IGS stations observations in India to validate the retrieval
process and to investigate PWV variation over these locations. Meteorological observations, required for
PWV estimation, are acquired from NCEP by vertical and horizontal interpolation of grid points data for
a speciBc station. The validation and accuracy assessment of all obtained parameters are carried out at
different levels. The annual average PWV over Hyderabad (HYDE), Bangalore (IISC), and Dehradun
(DEHR) are estimated to be 35.96, 31.70 and 22.10 mm, respectively. The average PWV differences are
estimated to be around 1–3 mm if the comparison is made among GMET, IGS and NCEP derived PWVs.
Estimated PWV over Dehradun is also compared with reanalysis data from the MERRA and an average
difference of about 4 mm is observed.
Keywords. Tropospheric delay; GPS; precipitable water vapour; IGS.

1. Introduction
Water vapour is an important component of the
lower atmosphere. It has extensive infrared
absorption band which makes it one of the most
crucial greenhouse gases on the earth’s atmosphere. This gas also inCuences the photochemistry
of another greenhouse gas ozone and formation of
clouds and aerosols. Water vapour concentration
increases with warming of the atmosphere leading
to a positive feedback to global warming. Global
warming and climate change have become a major
challenge for the planet. Accurate observations of
water vapour are of utmost importance in the
present scenario. Extensive research work is
required to understand the impact of different
atmospheric processes on the water vapour distribution in the lower atmosphere. The troposphere,

deBned by inverse relationship of temperature and
altitude, is the lowest part of the atmosphere which
contains large amount of water vapour and rain
producing clouds. Precipitable water is the volume
of water in an atmospheric column if all the water
in that column has been precipitated as rain.
Clouds are fundamental in numerous perspectives
and are vital in producing the fresh water on which
living creatures are reliant. Clouds also have a
major inCuence on the earth energy balance and
contribute in radiative cooling as well as greenhouse warming depending on their location in the
atmosphere. Hence, among all the earth observation parameters, it is most essential to monitor the
variability and distribution of the water vapour
specifically in the troposphere. A variety of
instruments are used for sounding water vapour
contents in the lower atmosphere. The radiosonde
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is a balloon-borne instrument for the measurement
of temperature, pressure and water vapour. It is a
very expensive instrument and provides vertical
proBle of water vapour only once at the time of
launch. This limits temporal frequency of water
vapour proBles over a speciBc location. Water
vapour radiometer (WVR), another sounding
instrument, which estimates precipitable water
vapour (PWV) by measuring the microwave radiation emitted by water vapour, is also a very costly
instrument (Raju et al. 2007). The satellite-derived
PWV also has its own limitations and depends on
the repeatability of the satellite over the same
region.
Global Navigation Satellite System (GNSS)
meteorology was Brstly proposed in the 1990s and
now has been proved to a very powerful tool in
atmospheric water vapour research from micrometeorology to global climate studies. Bevis et al.
(1992) Brst proposed atmospheric water vapour
remote sensing using global navigation satellite
system (GNSS) data. Different researchers
retrieved PWV/water vapour/integrated water
vapour (IWV) using GPS observations over different global regions (Bevis et al. 1994; Emardson
and Johansson 1998; Yang et al. 1999; Emardson
and Derks 2000; Sch€
uler 2001; Baltink et al. 2002;
Chen and Liu 2015; Younes 2016; Chen et al. 2018).
The GPS derived water vapour products are
extensively validated using highly accurate radiosonde observations (Emardson and Derks 2000;
Ohtani and Naito 2000). Results show that the
GPS derived PWV is very much useful for meteorological applications. In India, Jade et al. (2005)
estimated water vapour using GPS observations
over four different geographical locations using the
existing GPS network and measured surface pressure and temperature. Raju et al. (2007) developed
regional and site-speciBc empirical model for
weighted mean temperature (Tm) adapting the
Bevis model and shown that a station-speciBc Tmbased model is not superior to a region-speciBc
model over the tropics. The empirical model
developed by them is used in the present analysis
because of its superiority over site-speciBc model.
Singh et al. (2014a) estimated precipitable water
vapour in India using GPS-derived zenith delays
and radiosonde observations. Jade and Vijayan
(2008) used interpolated meteorological parameters from NCEP global reanalysis data in the GPS
based atmospheric water vapour estimation. Singh
et al. (2014b) also developed a weighted mean
temperature model for the extratropical region of
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India which is more useful for PWV estimation.
However, estimation of water vapour is particularly limited over the geographically complex
Northwestern Himalayan (NWH) region. This
region is fragile in terms of topography, geodynamics, geological hazards, vegetation, soil degradation, biodiversity, water supply (snow and
glacial) and land-use/land-cover (LULC) including
forest cover and human housing. Anthropogenic
activities such as deforestation, defective methods
of farming, biomass burning, etc., contribute to
climate change in this rough terrain. According to
the predictions, the temperature in the mountain
regions will likely rise in the coming years which
will have severe consequences (Navalgund et al.
2019). So, these changes have to be studied more
precisely to visualize their impact in near future. It
is widely acknowledged that eAective monitoring of
water vapour in the atmosphere can lead to
improved weather forecasting and understanding
of the causes of climate change (Duan et al. 1996).
In the present work, the emphasis is given on the
estimation of water vapour content over Dehradun,
a valley region in the foothills of northwest
Himalayas.
Radiosonde measurements in the Himalayan
foothills (over Nainital, another 285 km away
from Dehradun) indicate 18 km of tropospheric
depth over this area (Ojha et al. 2014). To
determine the precipitable water vapour variation
in the foothills of the Himalayas, a continuous
operating reference station (CORS) is set up at
Dehradun (DEHR). For the Brst time, PWV is
estimated using CORS data for this location. To
validate the process and compare the results,
similar studies are also carried out using International GNSS Service (IGS) CORS observations
over Hyderabad (HYDE) and Bangalore (IISC)
in India. The results obtained for DEHR are also
compared with Modern-Era Retrospective analysis for Research and Applications (MERRA)
observations (Gelaro et al. 2017). Finally, the
statistical analysis is carried out to determine the
accuracy of the study.

2. Data description and methodology
Data are collected from CORS at an interval of
1 and 15 sec normally at DEHR station. The
received raw data for the year 2019 is converted to RINEX format which is an essential
input to obtain zenith tropospheric delay

Page 3 of 12 173

J. Earth Syst. Sci. (2021)130:173

Figure 1. Location of all IGS and Dehradun continuous operating reference stations.

(ZTD). These observations obtained from CORS
are processed along with the observations from
network of IGS stations (Bgure 1) using GPS processing software GAMIT (Raju et al. 2007; Jade
et al. 2005). The software incorporates a weighted
least square algorithm to estimate zenith delays by
Btting to doubly differenced phase observations. It
uses model, grid-based data or input from RINEX
Ble to retrieve the meteorological parameters. In
the present case, Vienna mapping function
(VMF1) is used to map the propagation delay in
zenith direction and to obtain the parameters. The
meteorological parameters and derived results
using these parameters are named with preBx
GMET in the present analysis. The minimum elevation angle is taken as 15° to minimize the eAect of
multipath error. Using this algorithm, zenith tropospheric delay (ZTD) is estimated at 24-hr interval for HYDE, IISC and DEHR. PWV is estimated
using the ZTD and meteorological data. It is a
product of a constant P which depends on weighted
mean temperature and zenith wet delay (ZWD)
and deBned (Askne and Nordius 1987) as:
PWV ¼ P  ZWD;

ð1Þ

where P is estimated using the following equation
(Askne and Nordius 1987; Bevis et al. 1992):
P¼



106  Mw

k3
w
qR k2  k1 M
Md þ Tm

;

ð2Þ

q is the liquid water density, T m is the
weighted mean temperature of troposphere, M w
and M d are the molar mass of water vapour
and dry air, respectively and R is the universal
gas constant. k 1 = 77.69 Khpa1, k2 = 71.2952
Khpa1 and k3 = 3.754 9105 K2hpa1 (Ru€eger
2002).
ZWD is calculated by subtracting zenith hydrostatic delay (ZHD) from ZTD, given as:
ZWD ¼ ZTD  ZHD:

ð3Þ

The ZHD parameter at a station is obtained
using surface pressure information (Elgered et al.
1991),
ZHD ¼ ð0:002277  Ps Þ=ð1  0:00266  cosð2/Þ
 0:00028  H Þ;

ð4Þ
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where Ps is the surface pressure in hPa, H is the station height in km and / is the latitude of the receiver.
Here, mean temperature and surface pressure are
interpolated for all receiver locations using daily
average data taken from the NCEP (Kalnay et al.
1996). This meteorological data from NCEP is
available at 17 different pressure levels from 1000
to 10 mbar at a horizontal resolution of 2.5° 9 2.5°.
Pressure, temperature, and geopotential height
data are obtained from NCEP. For any station,
four nearest grid points are selected and pressure
values for these grid points are obtained after a
vertical interpolation between two pressure levels
at the same geopotential height where the receiver
is located. Now horizontal interpolation is performed using these four points to obtain the surface
pressure value at the station site. To achieve this,
the NCEP pressure level daily average data is used
(Sch€
uler 2001; Jade and Vijayan 2008).
To obtain a station’s mean surface pressure, four
nearest surrounding points are selected that form a
grid of 2.5° 9 2.5° of latitude and longitude. Coordinates of station fall within this grid. Assume the height
of station is H , then select two nearest geopotential
heights Hji1 and Hjiþ1 with respect to pressure levels
pi1
and piþ1
at each grid point. For all grid points at
j
j
height H , the pressure pij is obtained using the following equation:
pij

¼

wji;i1
wji;i1

þ

pi;i1
i;iþ1 j
wj

þ

wji;iþ1
wji;i1

wji;iþ1

þ

pi;iþ1
; ð5Þ
j

and pi;iþ1
for the layer i  1 and i þ 1 is
where pi;i1
j
j
and piþ1
estimated using the pressure values pi1
j
j
respectively as per the following relation:
"
pi;i1
¼ pi1
1þ
j
j

!#5:255303
8:419  105 ðHji1  H Þ
0:1902884

ðpi1
j Þ

wji;iþ1 ¼

1
ðHjiþ1

2

 HÞ

ð9Þ

:

The obtained four pressure values at height H
for four grid points are horizontally interpolated to
obtain the surface pressure at the receiver location
using the following equation:
X
p¼
wji pij ¼ w1i pi1 þ w2i pi2 þ w3i pi3 þ w4i pi4 ; ð10Þ
where the weight wji is deBned as:
wji ¼

wji
w1i þ w2i þ w3i þ w4i

:

ð11Þ

The coefBcient wji is given as:
wji ¼ ðRwij ÞC :

ð12Þ

Here, R is the Earth mean radius, C is the
weighting power and wij is the angular distance
from receiver location to the grid points.
cos wij ¼ sin uij  sin u þ cos uij  cos u  cos ðkij  kÞ;
ð13Þ
where (u; kÞ is the coordinates of CORS location
and ðuij ; kij ) are the coordinates of grid points. Here
subscript j ¼ 1; 2; 3; 4 represents the grid points
and superscript i represents the levels. Using these
equations, surface pressure is interpolated at the
required station location. Surface temperature is
also estimated at the station location and weighted
mean temperature Tm is calculated using the
following equation (Raju et al. 2007):
Tm ¼ 0:75Ts þ 62:6;

ð14Þ

where Ts is the surface temperature.
;
3. Results and discussions

ð6Þ
"

5

pi;iþ1
¼ piþ1
1þ
j
j

8:419  10 ðHjiþ1 
0:1902884
ðpiþ1
j Þ

!#5:255303
HÞ

:

ð7Þ
The weight coefBcients wji;i1 and wji;iþ1 are
deBned as:
wji;i1 ¼

1
ðHji1

2

 HÞ

;

ð8Þ

PWV is estimated using GPS data retrieved from
CORS for DEHR and it is also estimated for
the two IGS stations located in India at HYDE
and IISC to establish a validation process.
The obtained results from various analyses of this
study are discussed in detail.
Figure 2 describes the variation in temperature
and pressure across the different stations. Using
NCEP grid point data, the NCEP-pressure and
NCEP-temperature values are interpolated for a
speciBc station. The temperature and pressure
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Figure 2. Surface pressure and temperature variations.

values retrieved by the NCEP data reCect the
daily variation. GMET pressure and temperature
values are very close to the NCEP derived values.
However, GMET temperature does not show dayto-day Cuctuation, though it follows the seasonal
pattern as NCEP temperature. The differences in
temperature and pressure estimated using both
the sources are also very small. The observed
pressure and temperature differences vary between 1 and 5 hPa, and 1–12°K respectively. For
PWV estimation, the meteorological parameters
derived from NCEP data are further used.
For IGS stations HYDE and IISC, the ZTD is
estimated after processing the RINEX data using
GAMIT, here described as estimated-ZTD. The
appropriate RINEX data Bles and precise orbit
information Bles are taken from the IGS website.
The IGS also provides precise ZTD values (hereafter IGS-ZTD) for all of its stations. IGS-ZTD are
utilized to verify the locally estimated ZTD results
at both stations.
Figure 3 shows the variation of estimated ZTD
and IGS-ZTD for the year 2019 over HYDE
and IISC. Estimated-ZTD Bts closely with the
IGS-ZTD over both these locations. Besides June–
October, the ZTD values vary between 2200 and
2400 mm. It can be explained as Indian Monsoon
session starts in June and ends in September with a
variation of one month. Because of this, there is more
water vapour in the atmosphere which increases

the zenith wet delay and subsequent zenith total
delay. Figure 3 also explains the difference between
ZTD values within 20–40 mm, except for few cases
where the difference goes slightly higher. Estimated-ZTD average values for stations HYDE and
IISC are 2386.40 and 2270.98 mm, respectively, as
shown in table 1. The gaps in Bgure 3 are due to the
non-availability of RINEX data from the stations
or non-availability of precise GPS satellite orbits.
Here data of similar occurrences are taken for
analysis. It can be seen from both cases that a
strong agreement is found in the values of estimated-ZTD and IGS-ZTD. Thus, a locally derived
ZTD can be used for further processing.
The next significant parameter is the ZHD. This
is also obtained using two different sources to
assess compatibility. GMET-ZHD is the hydrostatic delay which is retrieved after using GMET
meteorological data. NCEP-ZHD is calculated
using interpolated NCEP data from the grid point
values at the station coordinates. From Bgure 4, it
is seen that the difference between the two hydrostatic delays is within 10 mm. Figure 4 represents
the variation in ZHD values obtained throughout
the year. The ZHD values for HYDE are, between
2150 and 2200 mm, and for IISC 2050–2100 mm.
NCEP-ZHD derived from NCEP data is used for
further ZWD estimation.
IGS-ZWD is the zenith wet delay which is
evaluated using IGS-ZTD and NCEP-ZHD.
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Figure 3. Zenith tropospheric delay variation over HYDE and IISC for the year 2019.

Table 1. Statistics of estimated parameters for all the stations.
HYDE
Parameters
Estimated-ZTD
NCEP-ZHD
NCEP-ZWD
NCEP-PWV

IISC

DEHR

Mean

SD

Mean

SD

Mean

SD

2386.40
2165.99
216.85
35.96

81.22
8.30
87.04
14.03

2270.98
2076.12
195.44
31.70

71.60
7.45
76.79
12.44

2283.34
2147.42
135.92
22.10

90.60
10.97
98.32
16.34
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Figure 4. Zenith hydrostatic delay variation for HYDE and IISC.

Figure 5. Zenith wet delay variation for HYDE and IISC.

GMET-ZWD is obtained from the estimated-ZTD
and GMET-ZHD. ZWD is also calculated by subtracting NCEP-ZHD from the estimated-ZTD data
known as NCEP-ZWD. It is observed that the
ZWD obtained from different sources is nearly
identical with minor differences as shown in
Bgure 5. Figure 5 also illustrates the difference
between GMET-ZWD and IGS-ZWD known as
GMET-IGS. The observed mean difference is 15.79
with 12.80 mm 1r variation. Here r is the standard
deviation. However, in the case of NCEP-IGS
which shows the mean difference between
NCEP-ZWD and IGS-ZWD is 14.46 mm with
12.26 mm 1r variation. The mean difference of
GMET-IGS and NCEP-IGS are observed to be
14.85 and 14.86 mm with 1r variations 13.09 and
12.61 mm, respectively for the IISC station.

Finally, for these stations, PWV is calculated
using three different ZWD data sources: IGSZWD, GMET-ZWD, and NCEP-ZWD. From
Bgure 6, it can be inferred that PWV obtained
from all sources Bt closely. PWV values usually
range from 10 to 60 mm. From day 150–300,
PWV is higher than other days due to monsoon
session. Due to different atmospheric conditions,
the variation of PWV for station IISC is lower
than that of station HYDE. The mean difference
between GMET-IGS and NCEP-IGS PWVs is less
than 3 mm for HYDE and IISC. The 1r variation
also estimated around 2 mm for these stations.
Jade and Vijayan (2008) have also reported similar results. This represents a more precise current
estimate of PWV using GPS and NCEP meteorological observations for these stations.
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Figure 6. PWV variation for HYDE and IISC.

Figure 7. Statistics of estimated-ZTD and IGS-ZTD.

Figure 8. The histogram of estimated-IGS ZTD differences.
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Table 2. Estimated average absolute differences for all
stations.
Average absolute difference (mm)
Differences
GMET-NCEP ZWD
GMET-NCEP PWV
GMET-IGS ZWD
GMET-IGS PWV

HYDE

IISC

DEHR

3.40
0.41
15.79
2.41

5.73
1.28
14.85
2.66

14.78
3.48
–
–

A statistical analysis is carried out to determine the
variability of measured ZTD for both stations and to
assess its accuracy. Figure 7 shows that the R2 value is
very high in both cases, which indicates a stronger
linear association between estimated-ZTD and IGSZTD. Figure 8 shows the histogram plot of estimatedIGS ZTD differences. This Bgure clearly reCects that
the majority of the samples for HYDE and IISC
are within ±20 mm. This shows that both ZTD

Figure 9. Estimated delay variation over DEHR.
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Figure 10. PWV variation for DEHR.

observations are closely matching. Table 1 shows the
average values of estimated-ZTD, NCEP-ZHD,
NCEP-ZWD, and NCEP-PWV over different locations, whereas table 2 shows differences in parameters
obtained from different sources for these locations.
In the case of HYDE, the mean values of ZTD, ZHD
and ZWD are slightly higher as compared to IISC.
The observed differences in PWV are close to 2–3 mm
for all stations.
PWV is estimated for DEHR in the second part of
the study. Estimated-ZTD, NCEP-ZHD, and NCEP-

ZWD variations are shown in Bgure 9. The ZTD
values range from 2200 to 2300 mm with the exception for the monsoon months June–October. Across
the year, ZHD is calculated between 2100 and 2200
mm. NCEP-ZWD usually ranges from 20 to 160 mm.
During monsoon session, it increases close to 400 mm
as seen from the Bgure. The estimated average value
of ZTD, NCEP-ZHD and NCEP-ZWD are computed
as 2283.34, 2147.42 and 135.92 mm, respectively.
NCEP-ZWD is also used for measuring PWV. Variation of PWV for DEHR is shown in Bgure 10(a).
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Figure 11. Statistics of PWV for DEHR.

NCEP-PWV matches closely with GMET-PWV.
The mean difference is calculated to be around 3 mm
between both PWV values. A comparison is also
made between the NCEP-PWV and MERRA
reanalysis PWV data. This data is downloaded from
GES-DISC Interactive Online Visualization and
Analysis Infrastructure (GIOVAANI) over the location, where CORS is set up and observations are
collected. From Bgure 10(b), it can be seen that
NCEP-PWV follows the same pattern with MERRA
reanalysis PWV. The absolute average difference
between both PWVs is approximately 4 mm. Figure 11 shows the statistical analysis of PWV for
DEHR. There is a high degree of linear correlation
between GMET-PWV and NCEP-PWV. Most of
GMET-NCEP PWV difference samples fall in the
range of 3–4 mm as seen from the histogram plot
which shows a strong correlation in both the
PWVs.
4. Conclusions
In present analysis, a study on PWV estimation
using GPS observations from CORS at Dehradun
is carried out. PWV is also estimated using two
well-established IGS stations HYDE and IISC in
India. Obtained results are very well compared at
various levels and accuracy is assessed from
detailed statistical analysis. From the study, the
following major points are drawn:
(1) The mean PWV over HYDE, IISC and DEHR
is estimated at 35.96, 31.70 and 22.10 mm,
respectively. PWV values in monsoon session
are higher than those of the other months.

(2) The zenith tropospheric delay derived locally
for IGS stations is very well compared with
the products directly from IGS which indicates an absolute mean difference close to 14
mm.
(3) For all stations, the NCEP reanalysis data is
interpolated to the CORS location and derived
meteorological parameters are used in PWV
estimation.
(4) An absolute mean difference between 3 and 4
mm is observed for estimated PWV when
compared to MERRA and GMET derived
PWVs at DEHR.
From the above analysis, it can be concluded
that PWV is accurately estimated using GPS
observations at Dehradun. This estimated PWV
can be used further in weather forecasting and
other atmospheric analyses.
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