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AR - Tg MeFTA () AT dex R AfTA T daX BRFRe (ERAS) & 587 difr & dRaw
Ay YATIRANUT 3T & HY ABS S Tl Afade Hege FAEH (GNSS) Feueed RS
WA dex W (IPWV) & Teh HR-Jelellcash IHeFF (i) GNSS SeT & IPWV IeMgles (iii) IPWV
faeoT & FT AT § GERAT B

Ig 9T I & o ekl ST (GNSS 3R ERAS) Todl ¥ Hegdsad € 3R ey Iulis 0.97 3R
0.99 & & 1 IPWV (MTI) & #ATRAS JTEIes AR GNSS TUST & 2017-2020 & 3T AT & AT AR
g ¢, Ed R 3er § 3R Sear W 9 R Se g Ra-ufaftd & qdieEe A daed &
foraon/eT Y FeHaT St & T FHeaatr & T F qgd 3TN FAGe AT AT {1 FH TS § v
m%%GNssmm$mmﬁmaﬁﬁ3ﬁ4}T&q@ﬁ|Pwvﬁqaﬁr§'§%3ms@r
dleepiford qelefAreT & fow sga suaef arar @

gafaw, IPWV (Afser 3R GNSS 3menmid) &1 39dNT Fagery afafafer 3R sod qaiegare & v &
YR T & fow 3ol gmr srr §) 3T fAReur 3curel (Afsd, Tdg, IU T, 3UIE A1 BR AR)
& WY Yg [Weh AN JalgaATehaisi, ot Pt ik gae & sifda sadersdsi @ 3Ra oy
AT M HEAT X Hehd! B

ABSTRACT. The present study deals with (i) An Inter-comparison study of ground based Global Navigation
Satellite System (GNSS) derived Integrated Precipitable Water Vapour (IPWV) with 5% generation global climate
reanalysis data of European Centre for Medium Range Weather Forecast (ERA-5) (ii) IPWV thresholds of GNSS data
(i) case studies of IPWV analysis.

It is found that both the datasets (GNSS and ERA-5) are strongly correlated & the correlation coefficient ranging
between 0.97 and 0.99. Monthly Thresholds of IPWV (MTI) are generated with 2017-2020 data sets from Indian GNSS
station having continuous data and found very useful input as value addition to know the possibility of building up
/decaying of convection in day to day daily forecast issued to the public. Case studies shows an increase of IPWV, 3 to 4
hour prior to the occurrence of convective event around the GNSS station and found very useful for nowcasting.

Therefore, utilization of IPWV (model as wells GNSS based) have found useful for better understanding about the
convective activity and its forecasting. This supplement information along with other analysis products (model, surface,
upper air, satellite or radar etc.) can support further in appropriate decision making to the forecasters, decision makers and
the end users of the society.

Key words—- GNSS, IPWV, ERA-5 and Convection.
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1. Introduction

India Meteorological department (IMD) is the nodal
Government Agency and has mandate to provide current
and forecast meteorological information for optimum
operation of weather-sensitive activities like agriculture,
irrigation, shipping, aviation, etc. To generate meaningful
forecast data is integrated by many conventional (in-situ
and remote sensing) and advanced observations.

The water vapour concentration in the atmosphere
varied both space and time and inhomogeneous in nature.
These variations are different throughout the year in each
season and play an important role especially in tropical
region. Integrated water vapour in the atmosphere
traditionally measured by radiosonde and microwave
radiometer but it is expensive as well as have low
spatiotemporal resolution. In the same time the accuracy
of the radiosonde-derived Integrated Precipitable Water
Vapour (IPWV) is lower at high altitudes and major
disadvantage of using radiosondes for trend estimation is
the systematic errors caused by either calibration
uncertainties or sensor changes. This limits its application
in the field of climate research, Ross and Elliot (1996),
Wang and Zhang (2005). The continuous observation of
IPWYV along with pressure, temperature and humidity data
is a useful tool for nowcasting, monsoon studies,
thunderstorms  observation, dust storms and climate
research. India Meteorological Department (IMD) is the
nodal agency to issue the almost all type (nowcast, short
range, extended range and seasonal forecast) of forecast
throughout the year. To meet this requirement, the
Department is constantly implementing and upgrading the
observational technology and inducting new technology to
the maximum possible extent as and when required. IMD
augmented a network of 25 ground based GNSS (Global
Navigational Satellite system) receivers collocated with
Vaisala Meteorological sensor for continuous monitoring
of troposphere IPWV (Fig. 4). World Meteorological
Organization (WMO) has identified the atmospheric water
vapour as 44" Essential Climate Variable (ECV) and an
integral part of Global Climate Observing System
(GCOS). GNSS derived IPWV initially proposed by Bevis
et al., 1992 is very useful in monitoring the convective
weather events especially extreme or heavy rainfall events
which have great impacts on all aspects of living and
property. In the past, several studies (Puviarasan et al.,
2014, Jade et al., 2005, Barindelli et al., 2018, Misra,
2019, Vaquero-Martinez et al., 2020, Cao et al., 2016)
have been done to analyze the potential of GNSS-derived
IPWV in the improvement of forecasting of weather
events. Huang et al. (2021, 2022) studied the GNSS data
over and spatial variability over Tibetan plateau and found
that the performance of ERA5 data sets is better than
MEERA 2.
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Inter-comparison of GNSS- IPWV with INSAT-3D
IPWYV data for the period of June 2017 to May 2018 over
the Indian region found the Root Mean Square Error
(RMSE) at different stations ranged from 5.41 to
7.14 mm. The bias between GNSS and INSAT-3D
sounder values of PWV was less than 1 mm except for
New Delhi (1.92 mm) and Jalpaiguri (2.14 mm), Yadav
et al.,, 2020. In the recent past, validation of GNSS
estimated IPWV with in situ GPS Sonde data for the
period of June 2017 to May 2018 over the Indian region
has been carried out for establishing the errors and biases
of GNSS IPWV estimates for 9 stations (4 inland and 5
coastal) having continuous observations. The study found
reasonably good agreement with a positive bias with
radiosonde data of less than 4.0 mm for, a correlation
coefficient greater than 0.85 and RMSE less than 5.0 mm
for all 09 GPS sonde stations (Yadav et al., 2020). The
subsequent sections of the present works include data and
methodology followed by results and discussions and
concluding remarks.

2. Data and methodology

Authors have utilized the ground based GNSS,
IPWV data of high temporal sampling (10 minute) data of
Indian GNSS network is processed at satellite division of
India Meteorological Department, Lodi Road, New Delhi.
The data is processed daily by using the Trimble TPP
software. Monthly data sets have been generated to
calculate the IPWV threshold of each month from 2017 -
2019 IPWV data for 7 GNSS stations to examine the
rainfall occurrences. Tome series of three years of GNSS
data is prepared to generate the diurnal variation of IPWV.

An elevation angle of greater than 10° is set for all
stations to avoid the satellite geometry change and
multipath effects. This is an optimum setting as a higher
cut off angle (> 10°) may introduce dry bias in the PWV
estimation and notable 0.8 mm error in IPWV (Emardson
et al., 1998). Fifth generation of global climate reanalysis
data published by the European Centre for Medium-Range
Weather Forecasts (ERA-5) was also utilized or inter-
comparison of ground based GNSS data of the year 2017
to 2019 using nearest neighbour techniques.

Global Positioning System (GPS) is also known as
Global Navigation Satellite System (GNSS) and now
widely used to estimate the integrated precipitable water
vapur (IPWV) by using ground-based receivers by using
tropospheric induced delay measurements. The magnitude
of this delay is related to the integral of the refractivity
index of the air as a function of temperature, pressure and
water vapour on the optical path followed by the GPS
signal. The GPS or GNSS signal get delayed from both
dry gases and water vapour (wet part) present in the
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atmosphere. The dry component is easily modelled with
the help of station level pressure, temperature supplied
through the met sensor attached with the GNSS station but
wet components varies more both spatially and temporally
and very difficult to modelled. The delay caused from
ionosphere is removed by using the dual frequency
receivers by subtracting the contribution of both
frequencies and rest part is treated as electrically neutral
and non-dispersive to the frequencies used in GNSS
measurements. Therefore, the dry and wet component of
troposphere together if measured in zenith direction
known as are zenith tropospheric delay (ZTD). The Zenith
Hydrostatic Delay (ZHD) is also known as dry delay
estimated by a model based on accurate pressure
measurements at the GNSS station (Bussinger et al.,
1996).

ZTD =ZHD + ZWD ; where,

ZHD
0.00000028Hs )

0.002277Ps/(1 0.0026co0s2¢

In which Ps is the surface pressure, Hs is the receiver
height and is the latitude of the receiver.

IPWV = C+xZWD

C = 106 /prV (3Tm + K2 - MW/ MdK]_) [M BEVIS,
1994)

where py stands for the density of liquid water, Rv
for the specific gas constant of water vapour, Tm is the
weighted mean temperature of the troposphere. Mw and
Md are the molar masses of water vapour and dry air
respectively. The constants, Ki, Ko and Ks are the
constants for refractivity (Bevis, 1994).

The contributions from slant directions can also be
mapped in the Zenith direction by using the mapping
functions define by Niell (1996).

AL = my(0)ALZ + m,, (0)ALZ,

Where, 0 is the elevation angle seen from the ground
antenna to the satellite.

The water-vapour weighted mean temperature of the
atmosphere is defined and approximated as (Wang et al.,
2005)

[2az
Tm = PTv

fT—ZdZ
Or

Tm=558+0.77TS
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Here, Ts is the surface temperature at the location of
the receiver and is given in Kelvin. It varies place to place
and time.

Sen Jaiswal and Lakshmi, 2022 estimated GNSS
IPWV at few locations of India using Indian Regional
Navigation Satellite System (IRNSS) data. They
suggested that total solar irradiance (TSI) in spite of
surface temperature (ST), surface pressure (SP), relative
humidity (RH) in the estimation of IPWV. The results
obtained by this alternative approach was in good
agreement with radiosonde data.

3. Results and discussions

IPWV is one of the apparent weather response
indicators at various locations of the Indian GNSS
networks. Traditional water vapor detection technologies
by satellite, radar, microwave radiometer and solar
photometer have low spatial and temporal resolutions, and
uneven accuracy. In the same time traditional data have
limited spatial sampling and calibration issues with
changing instruments and methods. Therefore, an attempt
of Inter-comparison of GNSS- IPWV with ERA-5 IPWV
has been made by the authors over Indian domain.

3.1. Inter-comparison of GNSS- IPWV with ERA-5
IPWV

Atmospheric reanalysis has been widely used as the
data source of IPWV retrieval for the last several decades
as these provide benefits of regional coverage, consistent
spatial and temporal resolution and the availability of
many other related meteorological variables. Compared to
the ground-based point data, the reanalysis data, which are
gridded data over an area have been widely used in IPWV
research (Ssenyunzi, 2020; Kumar et al., 2013). Various
studies have shown that GNSS derived remote-sensed data
and the fifth generation of global climate reanalysis data
published by the European Centre for Medium-Range
Weather Forecasts (ERA-5) can give sufficient variation
characteristics of IPWV, temperature and specific
humidity (Isioye et al., 2017; Jiang et al., 2019; Zhang
et al., 2019) The ERA5 (Hershach et al., 2020) has
assimilated more satellite and in-situ datasets compared to
its predecessor ERA-Interim. It also has more
advanced data assimilation and modeling systems to
estimate IPWV. The Radiosonde observations provides a
long record of observations, but long-term radiosonde
humidity measurements are very sensitive to changes in
instrumentation and measuring practices (McCarthy et al.,
2009, Dai et al., 2002). As a result, assessments of the
reanalysis water vapor products are essential for the
accurate understanding and interpretations of weather and
climate processes over Indian region. A reliable
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Fig. 1. Scatter plot of monthly ERA-5 IPWV and GNSS-IPWV.
assessment of reanalysis by using homogeneously of the two datasets. High correlation exists between the

reprocessed long-term time series of GNSS-IPWV as
reference in India is still lacking. In addition, very few
studies have focused on the performance of the latest
ERAS in reproducing the temporal features of IPWV over
India so far. Monthly mean IPWV data from ERA5 is
compared with GNSS-IPWV at different stations, to
represent the distribution of the GNSS sites over the
Indian region. Fig. 1 shows the scatter plots and statistics
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datasets as demonstrated in figures with correlation
coefficients ranging between 0.97 and 0.99.

From Fig. 2, the average values, display an increase
in IPWV from minimum values in January up to
maximum values in July at all the stations after which the
values decrease to minimum values in December. The two
datasets exhibit a single peak in IPWV during Monsoon
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Fig. 2. The seasonal PWV cycle as captured by ERA5 and GNSS stations.
season as there is a strong correlation between 3.2. Role of Multi-threshold of IPWV (MTI)

precipitation and IPWV. The rainfall is associated to water
vapour content in the atmosphere however, the presence
of high quantities of water vapour does not mean that
there will always be rainfall. The seasonal cycle is also
strongly created by north-south movement of the
intertropical convergence zone (ITCZ) across the region.
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Forecasting of convective weather is really a
challenging task in tropical region. Any single piece if
information is very important to decide instant solution of
the vulnerability of weather event occurred in a very short
time. If the temporal domain is shorter and convective
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TABLE 1
Month wise IPWV threshold Generated from 2017 to 2019, Indian GNSS data

Month wise IPWV Threshold in mm

Stations Name

Jan Feb Mar Apr May Jun  July Aug Sept Oct Nov Dec
Jaipur 9.82 12.68 1471 20.86 26.80 39.35 59.85 5873 4328 17.35 16.27 10.31
Thiruvananthapuram 31.57 35.14 42.00 46.57 53.58 5531 51.64 53.60 51.49 5529 51.67 42.68
Jalpaiguri 17.09 22.68 2747 3940 4769 61.90 69.30 67.29 60.17 35.98 2456 18.56
Delhi 12.61 1539 16.63 2285 28.92 49.86 6282 6237 47.01 2140 16.80 9.66
Nagpur 15.80 18.00 21.00 21.03 32.18 53,57 60.22 61.62 53.88 43.96 2397 18.20
Panjim 26.98 24.66 3120 39.92 4839 60.81 56.94 4834 5299 55.69 40.47 37.39
Aurangabad 1449 690 18.02 1940 26.36 4826 52.26 50.78 50.28 36.58 20.93 17.76

weather affecting our agriculture zone, then MTI plays an
important role in decision making. Based on the monthly
or seasonal thresholds we can issue advisories with
appropriate inputs based on other relevant value addition
inputs. MTI inputs further also help to build up the trend
analysis of water vapour availability around the station
area, whether it is increasing or decreasing with time. If it
shows persistence negative departure for a long time then
this information can be passed to state or central
government for further preventive action /measures.

3.3. Monthly IPWV thresholds of GNSS data (2017
to 2019)

In general, satellite remote sensing techniques
especially Infrared measurements are more accurate over
oceans than over land, but hold a limitation being
incapable to estimate PWV in presence of cloud cover.
Radio sonde measurements (twice daily) have poor spatial
and temporal resolution in spite of high operational and
maintenance costs. The measurements from water vapour
radiometer have site specific calibration issues and
expensive operating costs. On the other hand, GNSS
derived IPWV have high temporal, spatial resolution, low
cost and all weather availability. The Temporal variability
of GNSS IPWV observations can be used to forecast
precipitation events. Keeping the above facts in mind
monthly thresholds of GNSS IPWV from two years (2017
to 2019) GNSS data of 7 stations (Table 1) has been
generated to monitor the convection around GNSS station
area. The coastal stations show high and evenly
distributed IPWV values and diurnal variation over the
year. These stations are greatly influenced by moisture
advection from the sea areas and sometimes cause of the
continuously increment of PWV even after the air
temperature decreased (Ortiz de Galisteo et al., 2011).
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4. Case studies

4.1. Rainfall on 22" June-2020 (0100 to 0200 IST)
at Lodi Road, New Delhi

The convective activity forecast especially pre-
monsoon season is a major challenge to forecasters due to
its short lived, spatially inhomogeneous and variable
nature. On 21% June-2020, mid night the IPWV values
reaches its maximum thresholds (49.86 mm) for Delhi and
the rainfall was observed in early morning hours on 22"
June 2020 (Fig. 3a). This convective building up above its
monthly threshold was established 4 to 5 hours prior to the
actual occurrence of the rainfall activity. This can be
varying place to place and season to season.

The rainfall occurrence at or around the stations can
also be depend on the synchronization or favorability of
other thermo-dynamical meteorological parameters and
instability indices. These variations of IPWV are quite
different during pre-monsoon, monsoon, post-monsoon
and winter seasons. IPWV analysis during the
precipitation period reconfirms that the rainfall pattern is
not necessary to follow the IPWV time series due to
interlinked atmospheric processes. However, high spatial
and temporal IPWV analysis may complement towards a
better understanding of the tropospheric dynamics, their
effects and the future refinements in weather forecasting
and numerical weather prediction regional models over
the Indian region.

The rainfall occurrence at or around the stations can
also be depend on the synchronization or favorability of
other thermo-dynamical meteorological parameters and
instability indices. These variations of IPWV are quite
different during pre-monsoon, monsoon, post-monsoon
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Fig. 3a. IPWV and Rainfall occurrence at Delhi on 22™ June -2020.
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Fig. 3b. Blended Image (Infrared and Visible) of INSAT-3DR at 16:45 IST (Thunderstorm noticed at NCR): Intense convection
seen around NCR.
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Fig. 3c. Day Microphysics (DMP) of INSAT-3DR (Visible +Shortwave Infrared + Thermal Infrared-1) at 16:45 IST (Thunderstorm
noticed at NCR)/
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and winter seasons. IPWV analysis during the
precipitation period reconfirms that the rainfall pattern is
not necessary to follow the IPWV time series due to
interlinked atmospheric processes. However, high spatial
and temporal IPWV analysis may complement towards a
better understanding of the tropospheric dynamics, their
effects and the future refinements in weather forecasting
and numerical weather prediction regional models over
the Indian region.

4.2. Intense thunder squall activity on 30-05-2022
in NCR region

Increase of GNSS, IPWV 3 to 4 hours prior is an
indicator of convection development. It will be rain or not
it depends on the atmospheric instabilities and other
associated mechanisms and it is really a complex process.
Therefore, IPWV increase was not always associated with
the rain occurrences. But it gives an idea of convective
development quite well in advance (Kishtawal, 2019,
Yadav et al., 2022, 2020, 2021, Puviarasan, et al., 2014,
2020). The IPWYV increase can help to monitor not only
thunderstorm events but also useful during onset, active
and withdrawal phases of monsoons, heavy rainfall events
and post landfall studies of the cyclonic disturbances. The
behavior of the IPWV is different over land, desert and
coastal region in each season (Yadav et al., 2021). In Figs.
3(b, ¢ & d) the convection development around Delhi
NCR region is clearly seen in blended, day time
microphysics (DMP) images and outgoing long wave
radiation (OLR) derived products of INSAT-3D satellite
images. These images show intense to very intense
convection around NCR region of Delhi, OLR (<112
watt /m?). Fig. 3(e) represents the sharp increase of IPWV
values at least 1 hour prior to the rainfall occurrence can
be very useful value addition for the nowcast.

The study reveals that satellite derived information
play an important role in weather forecasting. Both
INSAT-3D/3DR and Global Navigation Satellite System
(GNSS) derived products are operationally available at 15
minutes’ intervals from INSAT-3D/3DR Imager and
GNSS. GNSS derived Integrated Precipitable Water
Vapour (IPWV) with the supports of INSAT products will
be supportive prior to its occurrence and suitable inputs
were supplied to the decision support system of
forecasting in IMD.

5. Future scope and limitations

GNSS is an emerging tool for weather forecasting,
navigation as well as seismic applications. Advancements
of latest state of art receivers and computing capabilities
the system is capable of handling the data with other
constellations like global navigation satellite system
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(GLONASS), Galileo (European GNSS system), Beidou
(China GNSS system) along with IRNSS (Indian GNSS
system). The present receivers have better ambiguity
resolution algorithms and the information can be further
utilized in many seismic activities and crustal deformation
studies. Multiple constellations and signals can help better
to the global community from disastrous weather with
sufficient lead time. The cost and maintenance of the high
accuracy receivers is still an issue and with better
technology and design this cost can be reduced further.

6. Concluding Remarks

The main salient points of the above study are given
below:

(i) Both the datasets (GNSS and ERA-5) are strongly
correlated and the monthly correlation coefficient ranging
between 0.97 and 0.99 for the 8 GNSS stations.

(if) Monthly thresholds of GNSS IPWV generated from
2017 to 2019 data sets and tested for 2020 weather events
over Delhi and found fairly reasonable and accurate,
however the rainfall occurrence is very complex
phenomena.

(iii) This study is very useful in monitoring significant
convective weather events and various other applications
of disaster risk reduction (DRR) activities and have great
potential of nowcasting

(iv) This analysis also useful for forecasters as value
addition in early warnings in respect of severe weather
events and therefore it can help to improve quality of
forecast globally.

(v) IPWV thresholds are higher in pre monsoon and
monsoon seasons as compared to winter and post
monsoon seasons.

(vi) The thresholds of IPWV differ in every month for
individual stations and rainfall occurrence is found to be
sensitive with the rate of change of IPWV. To refine the
input for day to day forecasting a long term IPWV data
and more number of rainfall occurrences and its
assimilation in NWP models are required as a future
study.
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