MAUSAM, 71, 1 (January 2020), 1-10

551.501.86

Comparison of GNSS and INSAT-3D sounder retrieved precipitable water
vapour and validation with the GPS Sonde data over Indian Subcontinent

RAMASHRAY YADAV, N. PUVIARASAN*, R. K. GIRI, C. S. TOMAR and VIRENDRA SINGH
India Meteorological Department, New Delhi — 110 003, India
*India Meteorological Department, Chennai — 600 006, India
(Received 1 May 2019, Accepted 16 September 2019)

e mail : ramashray.5329@gmail.com

IR — dYFHST TRl # Sedy dRadd @ d9X ged AR e # aioliy Sef-ary
Hecaqul RS [ech ¥ AT A A (U ssey W) Aisd # agAsa A s Rufa awr
Helichel Fa & v sgenr faeRor 3R AT qar 9iar A Hfea (wifaw) g1 avt & oy e galeaHe
# IR FT TF 31 FROT FAA™T F IRYEY TUT AR 3Hhs F F F G &1 AGHSAT SForarsd H
aREY AT H F FAlN T BT & AYHSAT ST & GRIRE FUrad A, St wH HiS Imar
A& esd AT ®U & WA a7 @, e # 2 O, @dfE wHm Radis (g & A 0000 F>r 1200
T 3T T AT &1 8Tl & aut 7 $IRA AGH e [Famr, seitie-3 9 & 19 I F ealay (F@iEx)
¥ T TR, 1000-900 gFTUR=RS, 900-700 F.HT. TUT 700-300 &.9T. H Gl Siorarsy Ul argHse &
SR o #H Aw fed Ul &, @dg & @rsr 100 .91, 7% FaR # Fe a¥olig Serarsq &1 arorer
FIAT &1 JHAAR W S s H Tl it & v A1 F Trfash dor 3ary &7 & @ A0 st
GaART FRAT ST ATl TEGA M 9F H, gerdic 3-8 IUIE ¥ I Ued U YOI Sfel-arsa & st
HATA, AR 3UAGIEdT W -3muiRd 3w qu-sed 3uzig gomel (SN U H wH) & Halel
(Feash) & e HloHA Thiha ol STefarsy A6 & @ fRar @ g1 $Ra # S, 2017 § A,
2018 aF H Iaf & St v TH TH RS f IUGFA IFEIA & FROT FAde 331 eafaT (@iE)
CATHTH @RI Yof: Urod a¥olld STel arsdy 3cdd RISl g1 $eRic-3 & R S v vE ww aduhy
STaTsq & ALY YAd FC-HA-TFARR (3R UHA ) 54 § 7.0 AL & 3R, 47 ¥ 2.1 @A @
gehrd AT 0.79 F 0.92 1 RER IOk WA fhar arar S @ wH HiS qur S v wH v & Ay
WER 0T & qEUNG SFefarsq &l @R 0.85 F 0.98 3ilepr M|

ABSTRACT. Precipitable water vapour (PWV) plays a key role in the atmospheric processes from climate change
to micrometeorology. Its distribution and quantity are critical for the description of state and evaluation of the atmosphere
in NWP model. Lack of precise and continuous water vapour data is one of the major error sources in short term forecast
of precipitation. The task of accurately measuring atmospheric water vapour is challenging. Conventional in situ
measurements of atmospheric water vapour is provided by GPS Sonde humidity sensors profile twice a day at 0000 and
1200 UTC mainly from limited land regions. In recent years India Meteorological Department (IMD) is computing PWV
from 19 channel sounder of INSAT-3D in three layers 1000-900 hPa, 900-700 hPa and 700-300 hPa and total PWV in
the vertical column of atmosphere stretching from surface to about 100 hPa under cloud free condition. These data most
commonly were validated using spatially and temporally collocated GPS Sonde measurements. In this paper, INSAT-3D
satellite retrieved PWV data are validated with column integrated PWV estimates from a network of ground based Global
Navigation Satellite System (GNSS) over Indian subcontinent. The PWV retrieved by INSAT-3D sounder platform is
very promising, being in a good agreement with the GNSS data recorded over India for the period June, 2017 to May,
2018. The root-mean-square (rms) differences of 5.4 to 7.1 mm, bias of -4.7 to +2.1 mm and correlations coefficient of
0.79 to 0.92 was observed between INSAT-3D and GNSS PWV. The correlations coefficient between GPS Sonde and
GNSS derived PWYV ranges from 0.85 to 0.98.
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1. Introduction large distances through hydrological cycle. It is
meaningful to study spatial and temporal variability of

Variability in precipitable water vapour (PWYV) water vapour in the atmosphere. To quantify the amount
directly influences the formation of clouds, atmospheric of water vapour in the atmosphere, the PWV is defined as
water transport, energy conversion and its transport over the height (mm) of the water if all of the water substance
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contained in a vertical column of unit horizontal cross
section were condensed into liquid. It is also referred to as
the total column water vapour. There are two main
methods to study the atmospheric PWV; ground based and
space based. The important ground based observation
methods are GPS radiosonde, sun photometry, ground
based Global Navigation Satellite System (GNSS) and
microwave radiometry while space based method include
COSMIC radio occultation, moderate-resolution imaging
spectroradiometer (MODIS), SCTAMACHY, atmospheric
infrared sounder (AIRS), INSAT-3D sounder etc. These
methods of obtaining PWV information allowed
substantial progress in understanding of the processes of
water vapour occurring in the lower atmosphere. The
radiosonde is considered to be a useful reference tool for
atmospheric sounding. The conventional atmosphere
sensing techniques such as GPS radiosonde, microwave
radiometer and sun photometry have limitations in
acquiring the continuous transformation of atmospheric
PWV due to their low, inhomogeneous spatial and
temporal resolution and high operational costs. The
advantages of ground-based GNSS retrievals over
conventional PWV retrieval methods are that it provides
high precision and high temporal resolution data under all
weather conditions at very economical cost (Nilsson and
Gradinarsky, 2006; Jin ef al., 2007). Space-based satellite
sensors provide even wider coverage including the world
ocean than regional ground-based networks. Infrared
radiances are strongly affected by clouds and because of
this satellite retrieval of PWV requires cloud-free
conditions. However, the satellite retrieved PWV
observations must be inter-compared against reliable
measurements in order to assure their quality.

The concept of GNSS meteorology was first
introduced by Bevis ef al. (1992) and PWV data were
estimated from Global Positioning System (GPS)
observations. As the basis of GNSS meteorology, the
electromagnetic signal from a GNSS satellite suffers a
delay as it passes across the atmosphere, partially as result
of the presence of water vapour. The zenith total delay can
be converted into PWV using surface pressure and
temperature measurements (Bevis et al, 1994).
Remarkable progress has been achieved in recent decades
and the accuracy of the GNSS-derived PWV has been
proved to be better than 1.5 mm using independent GNSS
observations (Duan et al., 1996; Tregoning et al., 1998).
Several studies have shown GNSS derived PWV
distribution as a useful tool for monitoring severe weather
events (Brenot et al., 2006, 2013; Barindelli et al., 2018;
Bonafoni and Biondi, 2016; Calori ef al., 2016). A number
of researchers have studied the variation in atmospheric
water vapour in relation with the onset of southwest
monsoon and rainfall. Rao et al. (2013) have studied the
variations in refractivity during southwest Monsoon using

GPS radio occultation. They have reported an appreciable
increase in the refractivity difference between 600 and
100 hPa well before the arrival of Southwest Monsoon
coupled with a dip at the time of onset in conformity with
COSMIC GPS RO observations. Puviarasan et al. (2015)
observed that the time series of PWYV estimated from GPS
increases to more than 60 mm when Southwest monsoon
approaches and sharply decreases on withdrawal at the
same location. He also recommended, GPS PWYV data is
more reliable tool for declaring monsoon arrival and
withdrawal than using the satellite (INSAT) derived
moisture, particularly over the land region. A dense
network of continuously operating ground based GNSS
receiver if deployed can accurately provide the progress as
well as the activeness of Southwest monsoon on real time.
Simon et al., 1994, have studied changes in western
Indian Ocean moisture in the middle troposphere, upper
troposphere and scale height of water vapour during the
period of Monsoon Onset over Kerala (MOK) and the
moisture and scale height of water vapour increased about
8 days prior to the onset of Southwest Monsoon over
Kerala. Simon et al. (2006) observed favourable
conditions leading to the MOK using Tropical Rainfall
Measuring Mission TRMM/TMI derived total water
vapour build up over the Western Arabian Sea by about
two and half weeks. Singh et al. (2004) observed that
amount of PWV over the Arabian Sea and the Indian
Ocean is well correlated with onset day of Southwest
monsoon over the Indian sub-continent. The maximum
value of PWV in the 10-15° N latitude zone is to appear
7-12 days prior to the monsoon onset at Kerala coast. Jade
& Vijayan (2008) observed that precise measurements of
water vapour over the Himalayas and Tibetan plateau are
helpful to investigate the land atmosphere interactions and
their effect on the Asian monsoon circulation in terms of
driving forces and feedback mechanisms.

The descriptions of retrieval techniques for the three
instruments (GNSS, GPS Sonde and satellite) PWV are
given in the present work. The objective of the paper is to
study the accuracy of the GNSS-derived PWYV dataset by
comparison with that from GPS Sonde and INSAT-3D
sounder retrieved PWYV using data for the period June,
2017 to May, 2018.

2. Data and methodology

India Meteorological Department (IMD) established
a network of 25 ground based Global Navigation Satellite
System (GNSS) receivers collocated with meteorological
sensors for continuous monitoring of tropospheric total
integrated precipitable water vapour (PWV) for weather
events monitoring (Fig. 1). GNSS data were processed
using the Trimble Pivot Platform (TPP) software to
estimate PWYV at every 15 minutes interval. The space and
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TABLE 1

GNSS and GPS sonde stations with Latitude, Longitude and Height

S. No. Station code Stations name Latitude Longitude Ellipsoid height (m)  GPS sonde model name

I. JIPR Jaipur 26.82 75.82 335.37 -

2. RIPR Raipur 21.21 81.66 245.56 CF06A
3. TRVM Trivandrum 8.51 76.96 -18.44 CF06A
4. KRKL Karaikal 10.91 79.84 -79.07 RSG20A
S. KYKM Kanyakumari 8.08 77.55 -49.23 -

6. MPTM Machilipatnam 16.18 81.15 -61.07 RSG20A
7. ITNG Itanagar 27.10 93.83 66.50 -

8. DMPR Dimapur 25.88 93.77 114.78 -

9. DBGH Dibrugarh 27.48 95.02 55.76 CF06A
10. JPGI Jalpaiguri 26.55 88.71 37.41 -

11. SMLA Shimla 31.10 77.17 2021.58 -

12. SRNR Srinagar 33.97 74.79 1631.64 -

13. RANI Ranichori 30.31 78.41 1930.54 -

14. DWRK Dwarka 22.24 68.96 -40.12 -

15. GOPR Gopalpur 19.30 84.88 -15.94 -

16. JBPR Jabalpur 23.10 79.99 355.09 -

17. GRPP Gorakhpur 26.74 83.43 22.19 -

18. SGGN Sri Ganga Nagar 29.92 73.89 132.17 -

19. DELH Delhi 28.59 77.22 165.06 DFMO09
20. PUNE Pune 18.54 73.84 487.72 -

21. BHPL Bhopal 23.24 77.42 476.22 -

22. NGPR Nagpur 21.09 79.06 253.57 DFM09
23. BWNR Bhubaneshwar 20.25 85.82 -16.72 RSG20A
24. PNJM Panjim 15.49 73.83 -23.04 CF06A
25. ARGD Aurangabad 19.87 75.39 528.13 -

time collocated GNSS derived PWV data have been
compared with INSAT-3D derived total PWV. The space
and time collocated GNSS derived PWV data have been
also compared with GPS sonde derived PWV at 9
locations (Table 1). To reduce the multipath effects a 5°
elevation cut-off angle was fixed. Modified Hopfield the
New Mapping functions (NMFs) (Niell, 1996) were used
to map the signal path delay from zenith direction to other
elevation angels.

2.1. GNSS Meteorology
The fundamental observable of GNSS is the signal

propagation time from a satellite to a receiver. Multiplying
the propagation time by the speed of light in vacuum gives

the pseudo range between the satellite and the receiver.
The pseudo range is mix of various errors such as clock
errors both on receiver and satellite, atmospheric error,
multipath error etc. For geodetic applications higher
accuracy (millimetre level), carrier phase measurements
are necessary because the phase can be measured to 1% of
the wavelength of the carrier signal. A carrier phase
measurement in units of length can be expressed as:

O=D+c(T, -T,)-Al+AL+n, +¢ )

where, ® is the carrier phase observable, D is the
true distance between the satellite and the receiver; c is the
speed of light in vacuum, 7, and T are the receiver and
satellite clock offsets which can be eliminated by double
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Fig. 1. India Meteorological Department Global Navigation Satellite
System (GNSS) receiver network

difference techniques. The ionospheric delay Al is
frequency dependent which can be estimated and removed
by forming ionospheric free linear combination using L1
and L2 carrier phase measurements at two different
frequencies.

fé} fA
Ry -4 _pior -1) @)
[ Y- A

where,

Ryy=D+c(T, —T,)—Al(f1)

Rpy =D+c(T, =T) = Al (1)

From equation (2), 99.9% of ionospheric delay is
calculated accurately and can be eliminated.

AL, the total delay is sum of zenith hydrostatic delay
and zenith wet delay given by (Bevis et al., 1992; Bevis

et al., 1994; Davis et al., 1985) in the neutral atmosphere
given by:

AL=10"° J' N(s)ds 3)

AL = AL} + AL°, 4)

The zenith hydrostatic delay (ZHD) in mm can be
estimated by measuring surface pressure P, (in hPa) as
follows:

AL) =ZHD =(2.2779£0.0024)p, / f($,H)  (5)
£ (¢, H) =1.00266 cos2¢ —0.00028 (6)

where, f (4, H) accounts for the variation in
gravitational acceleration with latitude ¢ and the height H
of the surface above the ellipsoid (in kilometres). The
ZWD is obtained by subtracting the ZHD from ZTD, the
PWV (mm) estimates were then derived by scaling the
ZWD with the multiplication factor IT is given by:

PW =T1*ZWD (7
I =107 pR,[(k; /T,,) +k,] ®)

where, p is the density of liquid water, R, is the
specific gas constant for water vapour, k; and k;are
physical constant. The water-vapour weighted mean
temperature 7,, of the atmosphere is defined and
approximated as (Wang et al., 2005):

J.%dz

b
jﬁdz

Tm

where P, and T represent vapour pressure and
absolute temperature along the zenith path, respectively
and the integral intervals are from the earth surface to the
atmospheric top. 7, can be obtained from radiosonde
vertical profile or from NWP analysis. Assuming a linear
relation with surface temperature it is also possible to
approximate 7, from station surface temperature (7) as
follows:

T,=558+0.77Ts

Error due to T,, : Water vapour weighted vertically
averaged mean temperature of the atmosphere 7,, is an
important parameter of the relationship between PWV and
the zenith wet delay as the accuracy of GPS estimates of
PWYV is directly related to the accuracy of T,,. The water-
vapour weighted mean temperature of the atmosphere is
defined and approximated as follows:

P N Pvi .
v L AZi
J‘ T dZ ~ Zj:] T;

P, . <N P,
[ra X “iazi
T oy

m
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T, is function of vertical profile of atmospheric
temperature and humidity. Using equations, the relative
error of PW due to errors in 7, is given by

APW ALl 1 AT,
Pw N ky
3

T m

m

1+

Since ky/k; is small (~5.9 x lO'SK'l), the relative
error of PWV approximately equals to that of 7, (Bevis
et al., 1994). On the basis of above equation, for 7, values
240 K to 300 K, the 1% and 2% accuracies in PWV
require errors in 7,, less than 2.74 K and 5.48 K on
average respectively (Wang et al., 2005).

Mapping functions : In GNSS data processing, the slant
path delay is converted to the equivalent ZTD (sum of the
ZHD and the ZWD) using hydrostatic and wet Mapping
Functions (Niell, 1996)

AL = my, (O)AL}, +m, ()AL,

where, @ is the elevation angle seen from the ground
antenna to the satellite.

The remaining term 7, and ¢ in equation (1) is integer
ambiguity and sum of other unmodelled errors, e.g., signal
multipath, antenna phase centre variations and radome
effects can be estimated and removed from the long term
observations.

2.2. Precipitable water from GPS Sonde

Precipitable water vapour content based on GPS
Sonde observation can be estimated using the formula of
Curry and Webster (1999).

PWV = ——¥qp
&Pw

where, ‘g’ is the average gravity acceleration of
tropospheric air column, p,, is the density of atmospheric
water vapour, Ap (hPa) is the difference in pressure
between layers and ¢; is the discrete specific humidity
measured from sonde observation. Three types of GPS
sonde are being used in IMD (i) DFM-09 GPS sonde
(i) CF-06A GPS sonde (iii) RSG20A GPS sonde (Table 1).
Several factors including dry bias, time lag, calibration
error and sensor drift may introduce errors in the PWV
estimation from radiosonde data (Miloshevich ef al,
2009). It is assumed that measured pressure, temperature
and dew-point depression were obtained along a strictly
vertical ascent (Niell et al., 2001), although observational
evidence suggests that radiosonde ascents are rarely

TABLE 2

INSAT-3D sounder channel specification

Channels Spectral range micron Resolution
VISIBLE(1) 0.67-0.72 10 x 10 km
SWIR(6) 3.67-4.59 10 x 10 km
MWIR(5) 6.38-11.33 10 x 10 km
LWIR(7) 11.66-14.85 10 x 10 km

strictly vertical because winds are generally present at all
altitudes. Usually, radiosondes are expected to produce
PWYV with an uncertainty of a few millimeters, which is
considered to be the accuracy standard of PWV for
meteorologists (Niell ef al., 2001).

2.3. Precipitable water vapour from INSAT-3D
sounder

Sounding system of the satellite provides vertical
profiles of temperature (40 levels from surface to ~70 km),
humidity (21 levels from surface to ~15 km) and
integrated ozone from surface to top of the atmosphere.
Vertical profiles of temperature and moisture can be
derived from radiances in 19 channels, using the first
guess from NWP data. INSAT-3D sounder channels
brightness temperature values are averaged over a number
of field of view (FOVs) prior to application of retrieval
algorithm. Based on this, retrieval algorithm has option
for retrieving the vertical profiles at 30 km (3 x 3 pixels)
and 10 km resolution (each pixel). The Sounder has
eighteen narrow spectral channels in shortwave infrared,
middle infrared and long wave infrared regions and one
channel in the visible region. The ground resolution at
nadir is 10 x 10 km for all nineteen channels.
Specifications of sounder channels are given in Table 2.

As INSAT-3D PWYV is sensitive to the presence of
clouds in the field of view (limitation of Infra-red sounder
sensors), hence the PWV values collected under clear sky
conditions were used in this study. Atmospheric profile
retrieval algorithm for INSAT-3D Sounder is a two-step
approach. The first step includes generation of accurate
hybrid first guess profiles using combination of statistical
regression retrieved profiles and model forecast profiles.
The second step is nonlinear physical retrieval to improve
the resulting first guess profile using Newtonian iterative
method. The retrievals are performed using clear sky
radiances measured by sounder within a 3 x 3 field of
view (approximately 30 x 30 km resolution) over land for
both day and night (INSAT-3D ATBD, 2015). The GNSS
and INSAT-3D retrieved PWV values are matched at
every hour. Four sets of regression coefficients are
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The correlation coefficient (R) is 96% for Delhi and 98% for Nagpur
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Fig. 3. Scatterplots of GNSS PWV data validated with GPS sonde (CF06A)

generated, two sets for land and ocean daytime conditions
and the other two sets for land and ocean night-time
conditions using a training dataset comprising historical
radiosonde  observations representing  atmospheric
conditions over INSAT-3D observation region.
Precipitable Water Vapour in mm can be given as:

Pwv =22 4_gp
w

I gp

where, ‘g’ is the acceleration of gravity, p; = surface
pressure, p, = top of atmosphere pressure (i.e., about
100 hPa beyond which water vapour amount is assumed to
be in negligible). Unit of precipitable water is mm depth
of equal amount of liquid water above a surface of one
square meter. IMD is computing PWV from 19 channel
sounder of INSAT-3D in three layers i.e., 1000-900 hPa,
900-700 hPa, 700-300 hPa and total PWYV in the vertical
column of atmosphere stretching from surface to about
100 hPa during cloud free condition. Monsoon, severe
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Fig. 4. Scatterplots of GNSS and GPS Sonde (RSG20A) PWV

weather, cloudy condition puts the limitation for sounder
profile (Venkat Ratnam et al., 2016).

3. Results and discussion

3.1. Validation of PWV derived from ground based
GNSS with GPS sonde

To evaluate the accuracy of the GNSS retrieved
PWYV across mainland India, the comparison are carried
out with GPS sonde derived PWV using collocated
9 stations from June, 2017 to May, 2018. The GNSS and

TABLE 3

Validation of GNSS PWYV with GPS Sonde PWV.
[Correlation coefficient (R), Bias and Root
mean square error (RMSE) between
GNSS PWYV with GPS Sonde PWV]

Station R Bias RMSE
Delhi 0.96 -0.48 3.77
Nagpur 0.98 -0.1 1.42
Panjim 0.92 0.15 2.59
Raipur 0.85 2.50 3.67
Dibrugarh 0.90 0.80 2.35
Karaikal 0.86 -2.58 4.50
Machilipattnam 0.86 3.44 4.94
Thiruvananthpuram 0.96 7.20 5.05
Bhubneshwar 0.94 4.94 433

GPS Sonde data were matched at 0000 UTC at nine
stations for comparison. Correlation coefficient (R), bias
and root mean square (rms) differences are presented in
Figs. (2-4) and Table 3. The correlation coefficients of
GNSS stations Delhi and Nagpur is 0.96 and 0.98. The
lower correlation Coefficient in Delhi may be attributed
due to the distance between GPS Sonde site which is
about 18 km away from GNSS site and Nagpur GPS
Sonde and GNSS sites are collocated. The Correlation
coefficient of Raipur, Dibrugarh and Panjim are 0.85, 0.90
and 0.92 respectively. The Correlation coefficient of
Karaikal, ~Bhubneshwar, Thiruvananthapuram and
Machilipattnam are 0.86, 0.94, 0.96 and 0.86. Both
Karaikal and Machilipattnam are coastal stations. The
bias between the GPS Sonde and GNSS values of PWV
(Table 3) is less than 4 mm except for
Thiruvananthapuram (7.2 mm) and Bhubneshwar
(4.94 mm). RMS differences between GPS Sonde and
GNSS values of PWV are approximately less than 5 mm
(Table 3). The relatively larger PWV difference is
observed at the coastal stations of India.

3.2. Comparison of PWV derived from ground
based GNSS with INSAT-3D sounder

Comparison of PWV derived from GNSS and
INSAT-3D under clear sky conditions was analysed for
the period June, 2017 to May, 2018. The number of
observations (N), Root Mean Square Error (RMSE),
Correlation Coefficient (R) and bias of each GNSS and
INSAT-3D stations are given in Table 4. The RMSE
ranges from 5.41 to 7.14 mm. The bias between GNSS
and INSAT-3D sounder values of PWYV is less than 1 mm
except for New Delhi (1.92 mm) and Jalpaiguri
(2.14 mm). Fig. 5 shows Taylor diagram for different
stations which provides standard deviation, correlation
coefficient and RMS error between observed GNSS and
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Fig. 7. Spatial view of annual mean PWV (mm) derived from GNSS
and INSAT-3D sounder derived

INSAT-3D retrieved PWV. The standard deviation in the
Taylor diagram shows the variability between GNSS and
INSAT-3D retrieved PWV.

3.3. Distribution and variability of PWV

The PWV values depict strong seasonality; reaches
maximum in monsoon season and minimum in the winter

TABLE 4

Comparison of GNSS-PWYV and INSAT-3D-PWV

Station Name N RMSE R Bias
Aurangabad 2346 5.56 0.79 0.74
Bhopal 874 5.56 0.87 -0.58
Bhubaneshwar 1357 6.40 0.88 -0.92
Dibrugarh 1069 6.44 0.92 0.39
Dwarka 2294 6.86 0.90 -4.19
Gopalpur 3332 591 0.87 -0.86
Jabalpur 561 6.42 0.86 -4.72
Jaipur 869 593 0.87 -1.38
Jalpaiguri 1541 7.14 0.87 2.14
Kanyakumari 1542 5.77 0.91 -2.59
Karaikal 1112 5.67 0.92 -1.68
Machilipattnam 1517 6.08 0.86 -3.01
Nagpur 1989 5.51 0.84 -0.51
New Delhi 1978 5.53 0.88 1.92
Panjim 1962 5.64 0.86 -0.49
Pune 478 5.96 0.86 -0.04
Shimla 808 5.51 0.81 -1.51
Thiruvananthpuram 916 541 0.88 0.65

season. Fig. 6 provides the month-wise spatial distribution
of INSAT-3D retrieved PWV. The PWV values are higher
during June, July, August and September compared to
other months under clear sky condition. The lowest values
of PWV are observed during January month over the
northwest and central parts of the country, increasing
eastwards. The similar winter pattern continues during
February and March but with slightly higher values. With
the onset of the pre-monsoon season in April, PWV shows
a general increase over the whole country. Local terrain
effects are responsible for the pockets of the higher or
lower values seen in the PWYV distribution. A similar
PWYV distribution is observed in May but with relatively
higher values over the entire country. The values of PWV
over India further increases with the onset of the monsoon
in June with higher values occurring over north-east India.
When the monsoon approaches to the stations, PWV
increases further and reaches to an average value of
55 mm or more. During July and August, whole country
except extreme north has uniformly high values of PWV.
The PWV values fall over the country as the withdrawal
of the monsoon starts in September. There is a uniform
fall of PWV wvalues over the whole country from
September to October. November is a transition month
from post-monsoon to winter season and December shows
the distribution similar to normal winter pattern.

Fig. 7 presents the spatial distribution of GNSS
derived annual mean PWV for the period June, 2017 to
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May, 2018. The PWV value is largest in the coastal region
of India due to sufficient moisture supply from the sea
throughout the year. The annual mean values of PWV
ranges from 43.4 to 54.7 mm at coastal sites. The PWV
value is also high in north-east India. The lowest value of
PWYV of order less than 30 mm occurred over North India.
The time series of the PWV values derived using GNSS
and INSAT-3D sounder is given in Fig. 8. The annual
variation of PWV based on seasons is clearly seen at all
the stations with a peak during the monsoon season.

4. Conclusions

The present study has been carried out for GNSS
stations of India Meteorological Department for the period
of June, 2017 to May, 2018. The comparison of PWV
retrieved from GNSS and GPS Sonde reveal the
correlation coefficient varying from 0.98 at Nagpur and
0.85 at Raipur. The bias between the GPS Sonde and
GNSS values of PWV is less than 4 mm except for
Thiruvananthapuram and Bhubaneswar. The root mean
square error between GPS Sonde and GNSS values of
PWYV are less than 5 mm at almost all the stations. The

relatively larger PWV difference is observed at the coastal
stations of India. The comparison of PWV retrieved from
GNSS and INSAT-3D sounder exhibit a root mean square
error ranging from 5.41 to 7.14 mm and a correlation
above 0.79. The PWV distribution from GNSS stations
across mainland India is also analysed. It was found that
the largest PWV value occurs in the coastal region of
India and in general PWYV value shows a decreasing trend
from south to north and increasing trend from west to east.

The comparison of PWV time series derived
from GNSS with that from GPS sonde and INSAT-3D
sounder data shows that the accuracy of the calculated
PWV wvalues is high. India is an ideal place for
investigation of regional PWV responses to the climate
change. The ground-based GNSS derived PWV will
become an important independent data source in
climate monitoring as the length of the time series grows.
The GNSS-derived PWV value can be useful for
investigation of weather forecasting and nowcasting in
particular, precipitation forecasting. The simulation
experiments should be carried out to assess the quality
improvement of weather forecasts when GNSS derived
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PWYV data are incorporated in models in order to fruitfully
exploit the potential possibilities.
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