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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, Guwahati, 

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, f og, 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.  

I extend my compliments to Shri Ramashray Yadav, Dr. R.K. Giri, N. Puviarasan 

and Shri S.C. Bhan for 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 Department (IMD) is the nodal agency of the Government of India 

for deploying weather instruments, collection of meteorological data,  utilization in daily 

operational work of weather forecasting and to provide all weather-related services to the people 

of this country and neighbourhood and sharing of data with various research institutes all over the 

world. Improving the quality of operational services is one of the main and important objectives 

of the Meteorological Department. The Department is constantly implementing and upgrading the 

observational technology and inducting new technology to the maximum possible extent as and 

when required to meet this requirement.   

 The óGlobal Navigation Satellite Systemô (GNSS) refers to a constellation of satellites 

providing signals from space transmitting positioning and timing data. By definition, a GNSS 

provides signals on global coverage for example GPS (Global Positioning System - USA), 

GLONASS (Global Navigational Satellite System -Russia), Galileo (Europe), and CNSS 

(Compass/BeiDou Navigation Satellite System) / BDS (BeiDou Navigation System) (China), 

IRNSS/NAVIC  (Indian  Regional  Navigation  Satellite  System  ï  India)  and  QZSS  (Quasi-

Zenith  Satellite  System - JAPAN)  are some of the important global or regional  Navigational  

Satellite Systems. Precise location information of interest to geophysicists required correction of 

position errors due to atmospheric delays. In the early 1990ôs, scientists developed techniques to 

use these atmospheric delay errors as signals to determine the amount of total water vapour content 

in the troposphere, popularly known as Integrated  Precipitable  Water  Vapor  (IPWV).  These 

efforts created a new science, GPS/GNSS Meteorology.   

IMD has installed a network of 25 ground-based GNSS (Global Navigational Satellite 

System) receivers with co-located Meteorological sensor at 25 number locations (Fig. 1) for 

continuous monitoring of troposphere total IPWV every 15 min interval or less with the primary 

purpose of assimilation of IPWV data into the Numerical Weather Prediction models and to act as 

an additional tool for nowcasting of thunderstorms, dust storms, monsoon studies and for climate 

research. A variety of techniques exist for measuring the atmospheric IPWV, which can be divided 

into different categories such as in situ measurements, satellite-based measurements, and model-

based reanalysis. In-situ GPS-based Radiosonde observations generally suffer from poor 
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spatiotemporal resolutions;. Yadav et al. (2020) carried out the validation of PWV estimated from 

Indian GNSS networks with GPS Sonde data for the period of June 2017 to May 2018 over the 

Indian region and found reasonably well agreement with GPS sonde observations over different 

geographical locations of Indian regions. He reported a positive bias of less than 4.0 mm, a 

correlation coefficient > 0.85, and RMSE <5.0 mm. Turner et al. (2003) reported a 5 % dry bias 

with Microwave Radiometer. Miloshevich et al., 2009, found a similar limitation of Relative 

Humidity measurement with Vaisala RS92 Radiosonde and developed an empirical correction to 

remove the mean bias error. The principle of differential optical absorption spectroscopy in the red 

spectral range was used to retrieve the IPWV in both the Global Ozone Monitoring Experiment 

(GOME) and Scanning Imaging Absorption Spectrometer for Atmospheric CHartography 

(SCIAMACHY) by Beirle et al. (2018). Atmospheric Infrared Sounder (AIRS)  is a hyperspectral 

instrument that collects radiances in 2378 IR channels with wavelengths ranging from 3.7 to 15.4 

µm. Aumann et al. (2003) utilized clear sky radiances of AIRS in the retrieval of column integrated 

water vapour which is contributed by some channels having different sensitivity towards water 

vapour content present in the atmosphere. Moderate Resolution Imaging Spectroradiometer 

(MODIS) utilizes an infrared algorithm that employs ratios of water vapor absorbing channels 

centered near 0.905 Õm, 0.936 Õm, and 0.940 ɛm with atmospheric window channels at 0.865 Õm 

and 1.24 ɛm for estimating the precipitable water vapour (Kaufman and Gao, 1992). The 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 based on theoretical calculations and using lookup table procedures. At present two 

advanced Indian geostationary meteorological satellites INSAT-3D (launched on 26th July 2013) 

and INSAT-3DR (launched on 6th September 2016) with similar sensor characteristics are orbiting 

over the Indian region. These satellites placed at 82° East and 74° east longitude in the 

geostationary orbit are equipped with 19 channels infrared sounders used to retrieve 

meteorological parameters like the profiles of temperature, humidity, and ozone, atmospheric 

stability indices, layer, total precipitable water vapor, etc. at 1 hour (sector A- Indian landmass 

region) and 1.5 hours (sector B-Indian ocean region) intervals (Kishtawal et al., 2019).   

Temperature and humidity (T-q profile) is used to retrieve thermodynamic indices which is useful 

in analyzing the strength and severity of severe weather events. Retrievals from reanalysis data set 

Modern-Era Retrospective Analysis for Research and Applications-2 (MERRA-2) (Gelaro et al., 

2017) and Climate Forecast System Reanalysis (CFSR) Data Archive 

(https://rda.ucar.edu/pub/cfsr.html) utilized 3d-var data assimilation techniques and reasonably 
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reproduce the characteristics of climatology, annual cycle and the interannual variations of 

precipitable water vapour in the south of Central Asia (Saha et al., 2010; Jiang et al., 2019). The 

study carried out by Berrisford et al. (2011) found that ERA-interim data set is superior in quality 

to ERA-40 during the period 1989-2008. 

In the past few decades, GNSS-derived IPWV has been widely used in meteorological 

applications such as in numerical models, climate studies, and 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 of the globe (Wang et al., 2007; Kimura et al., 1997; Güldner and 

Sp nkuchetal., 1999; Kuwagata et. al., 2001; Ohtani et al., 2001; Bouma et al., 2002; Wu et al., 

2003; Pramualsakdikul et al., 2007; Ortiz de Galisteo et al., 2011). The IPWV diurnal cycle over 

Europe is strongest in the summer season, weaker in winter, and negligible in the spring season 

having spatial variability of IPWV over different parts of Spain.  Diurnal variations in precipitation 

and convection have been observed by many researchers (Haldar et al. 1991; Liu et al. 2009; 

Murakami et al., 1983; Nitta and Sekine., 1994; Oki and Musiake., 1994; Dai et al., 2001, 2002; 

Ohsawa et al., 2001, Stevens et al., 2017). Significant regional variability of IPWV has been 

reprted in global analyses  of IPWV data (Chen et al., 2016; Parracho et al., 2018; Mieruch et al., 

2008; Trenberth et al., 2003) and there is a need to carry out regional studies to investigate how 

representative these global changes are. Emmanuel et al. (2018) have reported IPWV maximum 

around midnight over Trivandrum and late evening over Gadanki. They also reported that diurnal 

variation in IPWV is mainly controlled by the local circulation. Puviarasan et al. (2015) found that 

variation in the tropospheric precipitable water content is another indicator of the state of the 

monsoon onset and reported that there is increase in precipitable water (PW) content during the 

arrival of monsoon and there is a decrease in PW during monsoon retreat. 

This study brings out the behavior of IPWV estimated from IMD ground-based GNSS stations 

over the Indian region located at Inland, coastal and desert places in terms of diurnal, monthly, 

seasonal, and annual variations in the Indian region for the period 2017-2020. Monthly IPWV 

thresholds have been generated from 4 years of IMD GNSS data for all the stations to utilize 

further these thresholds in now-casting as well as forecasting the weather events. 



 

 10 

 

 

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

network 
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Chapter-2 

GNSS Meteorology 

In GNSS positioning, 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 a vacuum gives the 

pseudo-range between the satellite and the receiver. The pseudo-range 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 measurements are 

necessary because the phase can be measured to 1 % of the wavelength of the carrier signal.    

 

 

Fig. 2. User Segments and User finding his range from the GNSS satellite. 

As depicted in Fig. 2, 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 can be compensated with dual-frequency GPS receivers. GPS satellites 

send radio 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 radio waves. Thus, the delay can be calculated by 

measuring the difference between the two frequencies. The tropospheric delay cannot be corrected 

by using the dual frequencies since the electrically neutral atmosphere (troposphere) is non 

dispersive below 30 GHz (Fig. 2). The tropospheric delay has two components: hydrostatic and 
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wet components (Fig. 3). The dry delay is due to the total mass of the atmosphere above the GPS 

antenna, and the wet delay is caused by the total amount of water vapor along the GPS signal path.

  

 

 

Fig. 3 GNSS Signal Delay 

 

 A carrier phase measurement in units of length can be expressed as follows- 

 

 

 

 

where ű is the carrier phase observable and D is the true distance between the satellite and the 

receiver; c is the speed of light in vacuum; Tr and Ts are the receiver and satellite clock offsets 

which can be eliminated by double-difference techniques.  ȹI, the ionospheric delay (phase 

advance) is frequency dependence can be estimated and removed by forming an ionospheric 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. 

ȹL is the total delay in the neutral atmosphere given by  

 

 

 

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

et al., 1994; Davis et al., 2009) 

 

 

 

The zenith hydrostatic delay (ZHD) can be estimated and eliminated by measuring surface pressure 

Ps 

 

 

with ZHD in mm and Ps in hPa.  The term 
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accounts for the variation in gravitational acceleration with latitude ű and the height H of the 

surface above the ellipsoid (in kilometers). The ZWD is obtained by subtracting the ZHD from 

ZTD, the IPWV (mm) estimates were then derived by scaling the ZWD with the multiplication 

factor Ʉ given by 
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where ɟ is the density of liquid water, Rv is the specific gas constant for water vapour, k3, and 

k2
ôare physical constants. The water-vapour weighted mean temperature Tm of the atmosphere is 

defined and approximated as (Wang et al, 2005) 

 

 

 

 

 

 

 

 

which can be obtained from RS/RW or NWP analysis. Assuming a linear relation with surface 

temperature it is also possible to approximate Tm from station surface temperature Ts. Ts and Ps 

are obtained at the GNSS site location using an installed meteorological sensor. 

 

Tm = 55.8 + 0.77TS 

 

Error due to T m:  Water vapour weighted vertically averaged mean temperature of the atmosphere 

Tm is an important parameter of the relationship between total precipitable water and the zenith 

wet delay because the accuracy of GPS estimates of precipitable water is directly related to the 
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Tm is a function of the vertical profile of atmospheric temperature and humidity.  Using equations, 

the relative error of PW due to errors in Tm is given by 

         

 

 

 

 

 

Since          is small (~5.9 x 10-5).  Hence the relative error of IPWV approximately equals to that 

of Tm.  Based on the above equation for Tm values 240 K to 300 K, the 1% and 2% accuracies in 

IPWV require errors in Tm less than 2.74K and 5.48 K on average respectively [Wang et al.2005,]. 

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 the strong relationship 

between Tm and Ts (surface air temperature) since Ts can be obtained from either surface 

observations. However, the application of the Tm-Ts relationship is hampered because the 

relationship varies with space, time and weather conditions. The most commonly used Tm-Ts 

relationship is from Bevis et al. [1992], which was derived from radiosonde data at 13 U.S. sites 

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

 

Table-1:  Estimated Tm derived from different regression equations and from RSRW data for the 

three events over Delhi (Puviarasan et al., 2020) 

Date/Time 

 (UTC) 

Tm (
oK) 

(Neares

t 

RSRW) 

Tm from Surface Temperature (oK) RSRW 

PW 

(mm) 

GPS 

PW 

(mm) 

Bevis Mendes Solbrig Schueler IMD 

1st Aug 

2007 0000 

1200 

287.99 

286.43 

286.92 

286.84 

287.89 

287.81 

286.47 

286.39 

281.64 

281.58 

287.57 

287.49 

55.14 

65.26 

 

56.82 

63.60 

27th Jul 

2009 0000 

1200 

289.30 

292.99 

288.36 

292.97 

289.47 

294.52 

288.01 

292.94 

282.94 

287.08 

289.11 

294.02 

70.06 

69.07 

 

62.25 

62.91 
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21st 

Aug 

2009 

0000 

1200 

291.84 

285.46 

284.76 

286.20 

285.52 

287.10 

284.16 

285.70 

279.71 

281.00 

285.26 

286.80 

45.23 

57.66 

45.40 

45.50 

 

The uncertainty in Tm of 5 K corresponds to 1.7 ï 2.0 % in PW (Hagemann et al., 2003).   

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 (MFs) (Niell, 

1996): 

 

 

 

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

 The remaining term nɚ and Ů in equation (1) is integer ambiguity and the sum of other 

unmodelled errors, e.g. signal multipath, antenna phase center variations, and radome effects can 

be estimated and removed from the long term observations. 
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Chapter-3 

GNSS Climatology 

 

3.1 Annual Variations of GNSS-IPWV 

Analysis of the annual 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 subcontinent shows the annual mean 

IPWV in the range of 0ï50 mm over different regions of the country. A larger mean IPWVs values 

was observed over the coastal regions and high rainfall regions of northeast India as compared to 

inland and desert regions. The largest IPWV variation with a value of standard deviation (SD) ~16 

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

The station-wise annual distribution is further grouped as high and low-value regions of IPWV on 

an annual basis over Indian regions (Table- 2 & Fig. 4). The annual high IPWV region are found 

in the coastal regions, with mean IPWV ranging from 43.28 mm (over Machilipatnam) to 47.59 

mm (over Thiruvananthapuram) and over northeast India with a mean IPWV of 43.54 mm (over 

Dibrugarh). Mean IPWV over central India ranged from 27.01 (Aurangabad) mm to 36.53 mm 

(Nagpur). The lowest 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 observed at the 

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 part of the west coast of India recorded a low value of 26.69 mm 

annual mean IPWV primarily because of the incursion of dry winds from the desert regions of 

Pakistan and Afghanistan. This distribution corresponds to high mean annual surface temperature 

and means high relative humidity over the coastal stations (Table-2 & Fig. 4). 

 

Table-2: Annual Mean  IPWV, Tsur & RH 

 

S.No. 

 

Stations Name 

Station 

Code 

Annual 

IPWV(mm) Tsur (°C) RH 

(%) 

1 Jaipur JIPR 24.27 24.91 46.18 

2 Raipur RIPR 29.52 26.79 53.20 
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3 Thiruvananthapuram 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 44.51 

16 Dibrugarh DBGH 43.54 23.72 77.54 

 

 

 

Fig. 4 Annual mean values of IPWV (mm), Tsur (ºC) and RH (%)  
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3.2 Seasonal and Monthly Variation 

Average seasonal values of IPWV are determined by the combined effect of average seasonal 

temperatures and moisture transport by large-scale flow patterns. IPWV values averaged over 

different seasons are given in Table 3 and 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 Ganganagar ï 10.57 mm, Jaipur ï 10.95 mm, and Delhi ï 12,56 mm) are 

observed over the plains of northwest India during the winter season (Jan-Feb). The highest 

seasonal values are observed over the coastal stations (Thiruvanatpuram - 36.5 mm, Kanyakumari 

- 35.4 mm, and Karaikal - 30.2 mm) on account of relatively higher temperatures and due to 

proximity to the sea.  The lowest average winter season IPWV values during the winter season 

(and also during pre-monsoon and post-monsoon seasons) among the coastal stations were found 

over Dwarka as the region is dominated by dry northerly winds from the dry regions 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 summer months increases due to higher surface temperature (Tsur) 

values and it causes the water vapour to concentrate in the atmospheric layers consequently 

increasing the IPWV (Fig. 5). In contrast, winter months with low surface temperature reduce the 

evaporation 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 owing to the dominance of maritime monsoon air 

mass over the country. Most of the stations record average seasonal values between 50 mm and 60 

mm. Values in excess of 60 mm were found over the heavy rainfall stations in the northeast of the 

country ï Jalpaiguri, and Dibrugarh. IPWV values fall in the post-monsoon season (Oct-Dec) with 

the withdrawal of southwest monsoon from the country. The coastal stations (Thiruvananthpuram, 

Karaikal, Kanyakumari, and Panjim), however, continue to have higher values during the post-

monsoon season also.  

 

Table-3: Seasonal Mean  IPWV 

 

S.No. Stations Name Pre-monsoon Post-monsoon 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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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 

 

Fig. 5 Seasonal mean values of IPWV (mm) 
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IPWV is a function of the total water holding capacity of the atmosphere governed by the 

ClausiusïClapeyron equation; and thus, rises with increases in temperature. Given the supply of 

moisture over a region, the warmer 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 from winter to monsoon season 

through the pre-monsoon 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 features of the summer monsoon. In coastal stations, the relative 

humidity is always higher compared to the inland stations (Fig. 5 & Table. 3). 

Station-wise monthly mean distribution of IPWV from January to December (Fig. 6) shows 

obvious monthly differences. The highest mean monthly values of IPWV were found during the 

peak of the monsoon season (July/August); whereas the lowest values were found during the dry 

winter season (December/January), respectively. The highest values of the monthly mean 

distribution of IPWV 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 stations in the relatively low rainfall 

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 of anti-cyclonic circulation between 

1.5 and 4 km which has an inhibiting effect on precipitation 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 season ï August. Some of the stations 

over the west coast also have a secondary maximum in the month of October associated with the 

northeast monsoon. The highest monthly mean   IPWV over the coastal stations ranged from 55 

mm over Kanyakumari and Dwarka to 61 mm over Machilipatnam. The lowest values of IPWV 

ranged from   13 mm over Dwarka to   32 mm over Thiruvananthapuram. 
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