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PREFACE

Total precipitable water is a key variable needed for operational weather
forecasting. India Meteorological Department (IMD) started Global Navigation
Satellite System (GNSS) Pilot Phase project for measuring the total Integrated
Precipitable Water Vapour (IPWV) in 2005 over the 5 stations (New Delhi, Guwabhati,
Kolkata, Mumbai, and Chennai). The Network was further extended with additional
25 stations cover ing most of the important areas which are responsible for weather
monitoring . Near real -time GNSS data of high temporal resolution and accuracy
helps in many atmospheric activities like the  onset, progress and withdrawal of the
monsoon; and monitoring & nowcast of t hunderstorms, cyclone, fog, heavy rainfall
events, etc. Utilization o f GNSS data in many other activities like IPWV thresholds
for initiation of rainfall/thundershower for each station, annual, seasonal, monthly,
and diurnal variations of IPWV are also included in this report which  could act as
important guidelines for the forecasters and other stakeholders.

| extend my complimentsto  Shri Ramashray Yadav, Dr. R.K. Giri, N. Puviarasan

and Shri S.C. Bhanfor bringing out this important publication.

January 2022 Dr. Mrutyunjay Mohapatra
New Delhi Director General of Meteorology
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Chapter-1
Introduction

India Meteorological DepartmenitMD) is the nodal agency dhe Governmenbf India
for deploying weather instrumentspllection of meteorological data, utilization in daily
operational work of weather fore¢iagy and to provide all weatheelated services to the people
of this countryandneighbourhoo@nd sharing of data with various research institutes all over the
world. Improvirg the quality of operational services is one of the main and important objectives
of the Meteorological BpartmentThe Department is constanttyplementing andipgrading the
observationatechnology and inducting new technology to the maximum possibdateas and
when requiredo meet this requirement.

The O6GI obal Navi gaGNS9 referSama ceristellatipneof satgllges e mo
providing signals from space transmitting positioning and timing data. By definition, a GNSS
provides signals omlobal coverage for example GPS&l¢bal Positioning System USA),
GLONASS (Global Navigational Satellite SystenrRussia), Galileo (Europg)and CNSS
(Compass/BeiDou Navigation Satellite System) / BDS (BeiDou Navigation Sy¢@mma),
IRNSSNAVIC (Indian Regional Navigation Satellite System India) and QZSS (Quasi
Zenith Satellite SystemJAPAN) aresome of the importarglobal orregional Navigational
Satellite System Precise location information of interest to geophysicists reqame@ction of
position errors due to atmospheric del ays. I
use these atmospheric delay errors as signals to determine the amount of total water vapour content
in the troposphere, popularly known asehrated Precipitable Water Vapor (IPWV). These
efforts created a new science, GPS/GNSS Meteorology.

IMD has installed a networkf 25 groundbased GNSS (Global Navigational Satellite
System) receivers witlto-located Meteorologicalsensorat 25 number locationgFig. 1) for
continuous monitoring afoposphere totdPWV every 15 min interval or lessith the primary
purpose of assimilation of IPWV data into the Numerical Weather Prediction models and to act as
an additional tool for nowcastingf thunderstormsdust storms, monsoon studies and for climate
researchA variety of techniqueexist for measuring the atmosphe WYV, which can belivided
into different categoriesuch asn situ measurementsatellitebased measuremenénd moel-

based reanalysisin-situ GPSbased Radiosonde observations generally suffesm poor
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spatiotemporalesolutions;Yadavet al.(2020 carried out the validation ¢fWV estimated from
Indian GNSSnhetworkswith GPS Sonde data for the period of June 2017 to May 2018lwer
Indian region and found reasably well agreement witlePS sond@bservation®ver different
geographical locatiaof Indian regionsHe reporteda positive biasof less than 4.0 mma
correlation coefficient- 0.85 and RMSE<5.0 mm. Turner et a(2003 reported & % dry bias
with Microwave Radiometer. Miloshevich et al., 2009, found a similar limitation of Relative
Humidity measrement with Vaisala RS92 Raduande andievelopecan empirical correction to
remove the mean bias errdhe principle of differential optical absorption spectroscoghared
spectral rangevas used to retrieve tHBWV in boththe Global Ozone Monitoring Experiment
(GOME) and Scanning Imaging Absamt Spectrometer for Atmospheric CHartography
(SCIAMACHY) by Beirle et al (2018. Atmospheic InfraredSounder(AIRS) is a hypespectral
instrumenthatcollects radiances in 2378 IR channels with wavelestgthging from 3.7 to 15.4
pm. Aumam et al. (2003) utilizedlear skyradiances of AIRS itheretrieval of column integrated
water vapour which is contributed lspmechannels having different sensitivity towards water
vapour caotent present in the atmospheModerate Resolution Imaging 8gtroradiometer
(MODIS) utilizes aninfrared algorithmthat employs ratios of water vapor absorbing channels
centeredne®d . 905 Om, 0.936 Om, and 0.940 e&m with ¢
and 1 .fd dstimaing the precipitable waterapour (Kaufman and Gao, 1992he ratios
partially remove the effects of variation of surface reflectance with wavelengths and result in the
atmospheric water vapor transmittances. The column water vapor amounts are derived from the
transmittances basexh theoretical calculations and using lookup table proceddtrgesesent two
advanced Indian geostationary meteorological satellites INSBTlaunched on 26July 20B)

and INSAT-3DR (launchedn 6" Septembe2016)with similar sensor characteristiogarbiting

over the Indian region These satelliteplaced at 82° &st and 74° east longitude in the
geostationary orbitare equipped with 19 channelsinfrared sounders used teetrieve
meteorological parameters like theofiles of temperature, humiditygnd ozone, atmospheric
stability indices layer, total precipitablevater vapoyetc at 1 hour (sector Alndian landmass
region and 1.5 hous (sector BIndian ocean regignintervals (Kishtawal et al., 2019).
Temperatee and humidity (1g profile) is used to retrieve thermodynamic indices which is useful
in analyzing the strength and severity of severe weather efReitievals from reanalysis data set
ModernEra RetrospectivAnalysis for Research amdbplications2 (MERRA-2) (Gelaro et al.,
2017 and Climate Forecast System Reanalysis (CFSR) Data  Archive
(https://rda.ucar.edu/pub/cfsr.njmitilized 3dvar data assimilation techniques am@sonably
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reproduce the characteristics of climatology, annual cycle taadnterannual variations of

precipitabé water vapour in the south Gentral Asia $aha et al., 201@jang et al., 2019). The
study carried out by Berrisford et €011 foundthatERA-interim data set is superior in quality
to ERA-40 during the period989-2008.

In the past few decades, GN&ferived IPWV ha been widely used in meteorological
applications such as numerical models, climate studjesd weather forecasting (Bevis et al.,
1992, 1994; Koulali et al., 2012; Rohm et al., 2014; Emmanuel et al., 2018). Many researchers in
the past have been studied and reported diurnal variation of integrated precipitable water vapor
over different parts fothe globe (Wang et al.,, 2007; Kimura et al., 1997; Guldner and
Sp nkuchetal ., 1999; Kuwagata et. al., 2001;
2003; Pramualsakdikul et al., 2007; Ortiz de Galisteo et al., 2011). The IPWV diurnal ogcle ov
Europe is strongest ithhe summer season, weaker in wintand negligible inthe spring season
having spatial variability of IPWV over different parts of Spdiurnal variations in precipitation
and convectiorhave beenobserved by many researchéraldar et al. 1991; Liu et al. 2009;
Murakami et al., 1983; Nitta and Seking994; Oki and Musiake., 1994; Dai et al., 2001, 2002;
Ohsawa et al., 2001, Stevens et al., 208nificant egional variability of IPWVhas been
reprtedin global analyseof IPWV data(Chen et al., 201@arracho et al., 2018; Mieruch et al.,
2008; Trenberth et al., 28Pand there i® need to cal out regional studies to investigate how
representative these global changes Emmanuekt al.(2018) have reported IPWV mianum
around midnight over Trivandrum and late evening over Gadahkiyalsoreported thatiurnal
variation inlPWV is mainly controlled by the locaiirculation.Puviarasan et al. (2015) found that
variation in the tropospheric precipitable watentent is another indicator dfie state of the
monsoon onset and reported tHadre is increase in precipitable water (P8htent during the
arrival of monsoon and there iglacrease in PW during monsoon retreat
This study bings out the behavior ofPWV estimated from IMD grountiased GNSS stations
overthe Indian region located at Inland, coastal and desert places in terms of diurnal, monthly,
seasonaland annual variations ithe Indian region for the period 2042020. Monthly IPWV
thresholds havbkeen generated fromh yearsof IMD GNSS data for all the stations to utédi

further these thresholds in nesasting as well as forecasting the weather events.



Fig. 1. India Meteorological Department Global Navigation Satellite System (GNSS) receiver
network

10



Chapter-2
GNSS Meteorology
In GNSS positioning, theundamental observable of GNSS is the signal propagation time from a
satellite to a receiver. Multiplying the propagation time by the speed of light in a vacuum gives the
pseuderange betweerhe satellite and the receiver. The psetaltge is a mix of various errors
like clock errors (both on receiver and satellite), atmospheric error, multipath error, etc. For
geodetic applications, higher accuracies (millimeter level), carrier phase meassrearne

necessary because the phase can be measured to 1 % of the wavelength of the carrier signal.
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Fig. 2. User Segmen@ndUserfinding his range from the IESS satellite.
As depicted in Fig2, the total GPS signal delay (error) in the atmosphere is composed of
ionospheric and tropospheric delays. The largest atmospheric signal delays come from the
ionosphere. These delays cancbenpensated with dufilequency GPS receivers. GPS satellites
sendradio signals at two frequencies, L1 (1.6 GHz) and L2 (1.2 GHz). The delay in the ionosphere
is inversely proportional to the frequency of the raslaves. Thus, the delay can be calculated by
measuring the difference between the two frequencies. Thespberic delay cannot be corrected
by using the dual frequencies since the electrically neutral atmosphere (troposphere) is non
dispersive below 30 GHz (Fi@). The tropospheric delay has two components: hydrostatic and
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wet componentéFig. 3). The dry d&y isdue to the total mass of the atmosphere above the GPS
antenna, anthewet delay is caused by the total amount of water vapor along the GPS signal path.

Atmospheric
Delay

Tropospheric Ionospheric
Delay Delay

Hydrostatic Wet Delay

Delay

Fig. 3 GNSS Signal Delay

A carrier phase measurement in uoit$ength can be expressas follows

f=D+c(T -T) - D + D /+ e+-(1)

w h e r ig thelicarrier phase observable d@hds the true distance between the satedite the
receiver;c is the speed of light in vacuuril; and Ts are the receiveand satellite clock offsets
which can be eliminated by doubkdifference techniques.qd, the ionospheric delayphase
advancgis frequency dependence can be estimated and removed by f@amiamgpspheric free

linear combination using two carrier phase measurements at two different frequencies.
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Where

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

ql is the totaldelay in the neutral atmosphere given by

DL =A0°fN(s)ds - (3)

L thesum of zenith hydrostatic delay and zenith wet delay giveiBbyis et al, 1992; Bevis
et al., 1994Dauvis et al, 2009

The zenith hydrostatic del@ZHD) canbeestimated and eliminated by measuring surface pressure
Ps

DL° ZHD €.2779 0.0024p, fF A H ) - (c
with ZHD in mm and Rin hPa. The term

f(f,H)=1.00266cos 2 - 0.000PB  -—-—--

accounts for the variation in gravitational acceleration with latitiidend the height of the
surface above the ellipsoid (in kiloreet). TheZWD is obtained by suldcting the ZHD from
ZTD, the IPWV(mm) estimates were then derived by scaling the ZWD with the multiplication
factord given by
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PW= P ZWD (7)

P =10°rRI(k/T,) *] - (8)

where J i s the daeisshe spgcifiooghs constapufor dvatewaapogrand R
kYare physical constamitThe watetvapour weighted mean temperatdigof the atmosphere is

defined andapproximated a@/Nang et al, 2005)

nﬂldz

T
1

Tm Py

T

which can beobtainedfrom RSRW or NWP analysisAssuming a linear relation with surface
temperature it is also possible to approximaterdm station surface temperature Ts and R

are obtained at theN&S site location using an installed meteorological sensor.

Tm=55.8+0.77F

Error due to Tm: Water vapour weighted vertically averaged mean temperature of the atmosphere
Tm is an important parameter of the relationship between potgipitablewater and the zenith

wet delay becausthe accuracy of GPS estimates of precipitable water is directly related to the

accuracy of k. The watewvapour weighted mean temperature of the atmosphere is defined and

approximated as
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Tmis afunction ofthevertical profile of atmospheric temperature and humidity. Usagations,
the relative error of PW due to errors in i§ given by

DPW _DP_ 1 DT
PW P ko T
ks

k,
Since ™ is small (~5.9 x 18). Hence the relative error (PVW approximately equals to that
of Tm. Based ortheaboveequation for F, values 240 K to 300 K, the 1% and 2% accuracies in
IPWV require errors in dless than 2.74K and 5.48 K on average respectively [Wang@@08§I.
Atmospheric temperature and humidity profiles, such as those from soundings, can be used to
calculate Tm. A commonly used method for estimating Tm is to use riwegstelationship
between Tm and Ts (surface air temperature) since Ts can be obtained from either surface
observations. However, the application of the-Tsnrelationship is hampered because the
relationship varies with space, time and weather conditibhne. most commonly used Firs
relationship is from Bevis et al. [1992], which was derived from radiosonde data at 13 U.S. sites

over a 2year period and gives a RMS error of ~4.74 K.

Tablel: Estimated Tm derived from different regression equationsramnd RSRW data for the

three eventsverDelhi (Puviarasan et al., 2020)

Date/Time Tm (°K) Tm from Surface TemperaturéK() RSRW | GPS
(UTC) (Neares| Bevis | Mendes[Solbrig [Schueler] IMD PW PW
t (mm) (mm)
RSRW)
15t Aug

2007 0000| 287.99 |286.92 | 287.89 | 286.47| 281.64 | 287.57 | 55.14 |56.82
1200| 286.43 |286.84 | 287.81 |286.39| 281.58 | 287.49 | 65.26 | 63.60

270 Jul
2009 0000| 289.30 | 288.36| 289.47 |288.01| 282.94 | 289.11 | 70.06 62.25
1200| 292.99 | 292.97| 294.52 | 292.94| 287.08 | 294.02 | 69.07 62.91
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21 0000 | 291.84 |284.76 | 285.52 |284.16| 279.71 | 285.26 | 45.23 | 45.40
Aug 1200 | 285.46 |286.20 | 287.10 |285.70| 281.00 | 286.80 | 57.66 | 45.50
2009

The uncertainty in Tm of 5 K corresponds to 1 2.0 % in PW (Hagemann et al., 2003).

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

1996)

DL am(q) D m(§ Ll

Whered is theelevation anlg seen from the ground antertoahe satellite.
The remainingterm n. and Uin equation (1)is integer ambiguity antdhe sum of other
unmodeled errors, e.g. signal multipath, antenna phasecestiations and radome effects can

beestimated and removed from the long term observations.
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Chapter-3
GNSSClimatology

3.1 Annual Variationf GNSSIPWV

Analysis oftheannual range of IPWV helps understand the local and temporal behavior of IPWV
at a station. Owing to vast geographical variations across the country, the distribution of IPWV
throughout the Indian region showed clear geographical differences. Distribution of IPWV using
INSAT-3DR and CAMS reanalysis data over the Indian subcontinemtsskiee annual mean
IPWV in the range of 060 mm over different regions of the country. A larger mean IPVAlses
wasobservedver the coastal regions and high rainfall regiohnortheast India as compared to
inland and desert regions. The largest IPV¥ation with a value adtandard deviatiorSD) ~16

mm was found over foothills of the Himalayas (Yadav et. al., 2021)

The statiorwise annual distribution is further grouped as high andvalue regions of IPWV on

an annual basis over Indian regiofialfle 2 & Fig. 4). The annual high IPWV region afeund

in the coastal regions, with mean IPWV ranging from 43.28 (owar Machilipatnamjo 47.59

mm (over Thiruvananthapuranand over northeast India withnaeanlPWV of 43.54 mm(over
Dibrugarh).Mean IPWV over central India ranged from 27 (@urangabad)nm to 36.53 mm
(Nagpur) The bwest IPWV was expectedly observed over the desert areas of northwest India with
an IPWV of about 23.86 mm. The lowest values of the annual mean of IPWV are olzsdhed
desert station Sriganganagar (23.86 mm) and the highest ones at the station on the
Thiruvananthapuram (47.59 mm) at the west coast of India. Dwarka, though a coastal station,
located at the extreme northern parttiwest coast of India recordedaav value of 26.69 mm
annual mean IPWV primarily becausetbé incursion of dry winds from the desert regions of
Pakistan and Afghanistan. This distribution corresponds to high mean annual surface temperature
and meashigh relative humidity over the cstl stations (Tabl@ & Fig. 4).

Table2: Annud Mean IPWV, Eur& RH

Station Annual
S.No. | Stations Name Code | IPWV(mm)| Tsur(°C)| RH
(%)
1 Jaipur JIPR 24.27 2491 |46.18
2 Raipur RIPR 29.52 26.79 | 53.20
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3 Thiruvananthapuran] TRVM 47.59 27.17 |74.49
4 Karaikal KRKL 44.67 29.06 |69.85
5 Kanyakumari KYKM 44.99 27.56 |74.85
6 Machilipatnam MPTM 43.28 27.90 |70.79
7 Jalpaiguri JPGI 36.96 23.01 |74.20
8 Dwarka DWRK 26.69 26.51 |69.43
9 Jabalpur JBPR 31.03 24.72 | 60.10
10 Sriganganagar SGGN 23.86 23.68 | 56.74
11 Delhi DELH 27.55 24.01 | 57.67
12 Pune PUNE 34.03 25.27 | 65.00
13 Nagpur NGPR 36.53 27.07 |52.37
14 Panjim PNJM 47.46 27.27 | 64.24
15 Aurangabad ARGD 27.01 26.44 | 4451
16 Dibrugarh DBGH 43.54 23.72 | 77.54
e Annual IPWV(mm) == Annual Tsur(degree C) Annual RH(%)
,bo°° & & &% N

Fig. 4 Annual mean values of IPWV (mm)sF(°C) and RH (%)




3.2 Seasonahand MonthlyVariation

Average seasonal values of IPWV are determined by the combined effect of average seasonal
temperatures and moisture transport by lacge flow pattersi IPWV values averaged over
different seasons are given in TaBland Fig 5 below. Controlled by low temperatures, reduce

the evaporation from the ground and dominance of dry continental air mass, the lowest seasonal
values of IPWV (Sri Ganganagarl0.57 mm, Jaipui 10.95 mm and Delhii 12,56 mm) are
observed over the plaind aorthwest India during the winter season (Fai). The highest
seasonal values are observed over the coastal stations (ThiruvanatBGrammm, Kanyakumari

- 35.4 mm and Karaikal- 30.2 mm) on account of relatively higher temperatures and due to
proximity to thesea The lowest average winter season IPWV values duttegvinter season

(and also during prenonsoon and poshonsoon seasons) among the coastal stations were found
over Dwarka as the region is dominated by dry northerly winds from theedigns of Pakistan

and Afghanistan. A general increase across the stations is found during the following season (pre
monsoon) with the highest values over the coastal stations and the lowest over the inland stations.
The evaporation rate during the summmmnths increases due to higher surface temperatuge (T
values and it causes the water vapour to concentrate in the atmospheric layers consequently
increasing théPWYV (Fig. 5). In contrast, winter months with low surface temperature reduce the
evaporéon from the ground and hence reduction in IPWV. Average IPWV continue to increase
reaching their seasonal maximum in the monsoon season. Also, the lowest variation across the
regions was found during the monsoon season owitigetdominance of maritimenonsoon air

mass over the country. Most of the stations record average seasonal values between 50 mm and 6C
mm. Values in excess of 60 mm were found over the heavy rainfall statithreniortheast of the
countryi Jalpaigurjand Dibrugarh. IPWV valuesli in the postmonsoon season (GBtec) with

the withdrawal of southwest monsoon from the country. The coastal stations (Thiruvananthpuram,
Karaikal, Kanyakumayiand Panjim), however, continue to have higher values during the post

monsoon season also.

Table3: SeasonaMean IPWV

S.No. | Stations Name| Premonsoon | Postmonsoon | Monsoon | Winter
1 JIPR 20.79 25.63 52.65 10.94
2 RIPR 24.87 36.10 58.07 14.18
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IPWV (mm)

3 TRVM 47.38 52.82 53.51 36.46
4 KRKL 39.48 50.57 55.37 30.20
5 KYKM 43.70 52.36 50.75 35.37
6 MPTM 37.29 46.20 60.73 25.40
7 JPGI 38.19 40.24 66.16 19.44
8 DWRK 19.81 29.82 51.88 13.71
9 JBPR 20.91 32.71 57.68 13.33
10 SGGN 21.70 24.87 48.49 10.57
11 DELH 22.80 28.40 55.68 12.56
12 PUNE 21.54 32.99 49.62 16.23
13 NGPR 24.74 40.60 58.47 17.33
14 PNJM 39.84 49.72 55.37 29.68
15 ARGD 21.26 35.93 50.44 16.38
16 DBGH 35.56 52.02 66.44 20.15
70 e Pre-mMONS00N === POSt-monsoon Monsoon === \Ninter
60
50 <
40
30
20
10
0
& X QD y QD D o N & D Q> & & D Q
&S &S FEFFL ST &S

Fig. 5 Seasonal mean values of IPWV (mm)




IPWV is a function ofthe total water holding capacity of the atmosphere governed by the
Clausiu$ Clapeyron equation; and thus, rises with increases in temperature. Given the supply of
moisture over a regiothewarmer season has higher IPWV than a colder season. With every 1°C
increase in global temperature, an increase of about 7% in atmospheric water vapour has been
reported by Trenberth et al. (2003). In India, dry winters are followed by summer and then the
rainy season. The IPWV accordingly exhibits a gradual increase fiotaruo monsoon season
through the pranonsoon season and then a gradual decrease up to the winter season which can be
attributed to the variation in the water holding capacity of air governed by the variation in
temperature and to the synoptic featurehe summer monsoon. In coastal stations, the relative
humidity is always higher compared to the inland stations §=8gTable. 3).

Stationwise monthly mean distribution of IPWV from January to December. @ighows

obvious monthly differences. Theghest mean monthly values of IPWV were found duthm

peak ofthemonsoon season (July/August); whereas the lowest values were found during the dry
winter season (December/January), respectiv€he hghest values ofthe monthly mean
distribution of IRVV values over the inland stations ranged from 51.6 mm at Pune to 69.5 mm at
Jalpaiguri. The lowest values ranged from 8.8 mm over Jabalpur to 17 mm over Jalpaiguri. Mean
values of maximum IPWV during monsoon months over the statiahe relatively lowrainfall

desert region of Rajasthan (Jaipur and Sri Ganganagar) were either comparable or higher than that
over other stations. This is primarily because of the presence afyafdnic circulation between

1.5 and 4 km which hamninhibiting effect on pecipitation over the region (Koteshwaram, 1968;
Rakhecha, 2018).

The mean monthly values of IPWV over coastal stations were generally higher than those
of the inland stations with the maxima found till late in the seasamgust. Some of the stations
ove thewest coast also have a secondary maximum in the month of October associathd with
northeast monsooithe hghest monthlynean IPWV over the coastal stations rangeaim 55
mm over Kanyakumari and Dwarka to 61 mm over Machilipatrieime. owest value®f IPWV

ranged from 13 mm over Dwarka to32 mm over Thiruvananthapuram.
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Jalpaiguri

Kanyakumari

Machilipattnam

Sriganganagar

Raipur

Jaipur
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