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Inter -comparison ofretrievals of Integrated Precipitable Water Vapour (IPWV) made by
INSAT -3DR satelliteborne Infrared Radiometer Soundingand CAMS reanalysis data
with ground-basedIindian GNSS data.

Ramashrga Yadav, RimKumarGiri and Virendra Singh
SatelliteMeteorologyDivision, India Meteorological Departmemdlinistry of Earth Sciences
New Delhi110003
Abstract:

The spatiotemporal variations of integrated precipitable water vapor (IPWV) are very important
to understand the regional variability of water vapour. Traditionsitinmeasurements of IPWV

in Indian region are limited and therefore the performancetellissmand Copernicus Atmosphere
Meteorological Service (CAMS) retrievals with Indian Global Navigation Satellite System
(GNSS) taking as reference has been analyzed. In this study the CAMS reanalysis dzattéeval
one year (2018), Indian GNSS and INSBDR sounder retrievals data for one & half years
(January-2017 toJune2018) has been utilized and computedistias. It is noticed that seasonal
correlation coefficient (CC) values between INSBDR and Indian GNSS data méi lie within

the range of @0 to 0.98for all the selected 19 stations excéefftiruvanathpuram(0.1),
Kanyakumari(0.31) Karaikal (0.15) during monsoon and Panjim (0.8uring post monsoon
seasomespectivelyThe seasonal CC values between CAMS and INSBR IPWV are ranges

0.73 to .99 exceplaipur(0.16) & Bhubneshwar (0.29) durimye-monsoorseasonPanjim (0.38)
during monsoon, Nagpur (@p during postmonsoon andibrugarh (0.49) &ipur (0.58) &
Bhubneshwar (0.16) during winter seasonespectively.The root mean squarerer (RMSE)
valuesare highermunder the wet conditions (Pre Monsoon & Monsoon season) than under dry
conditions (Post Monsoon ®/inter season) aniwunddifferences in magnitude and sign of bias

of INSAT-3DR, CAMS with respect to GNSS IPWV from statiorstation and season to season

This study will help to improve understandiagd utilization of CAMS and INSABDR data
more effectivelyalong with GNSS data ovéand, coastal and desert locations in term of seasonal
flow of IPWV which is an essential integrated variable in forecasting applications.

Keywords: Indian Satellite3DR (INSAT-3DR), Integrated Precipitable Water Vapour (IPWV),
Copernicus Atmospheric Matoring Service (CAMS) &lobal Navigation Satellite System
(GNSS)
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Introduction

Integrated precipitable water vapor (IPWV) is a meteorological factor that shows the amount of
water vapour contained in the column of air per unit area of the atmosphenasof the depth

of liquid (Viswanadham et al., 1981jhis parameter hawgreatimportance in all studies related

to atmosphere and its properties throogtthe yearandin all seasonsThe assessment of IPWV

is done by many ways as in sitmodel basg or throughremote sensing measurements. The in

situ measurements have limited coverage, expensive and require maintenance of all the time.
Remote sensing instruments, especially absorption in the infrared and microwave region of solar
spectrum have wide coveragegeeper, almost maintenance free but needs to be validated their
retrieval performance and inter comparison before applying in the operational meteorological
service domainSimilarly, model basedata have limitation to capture the localized features of
convectiondue to sparseness or very few numbers of the quality controlled observational data over
that regionWater vapourone of the most influential constituents of the atmospigeresponsible

for determine the amount of precipitation that a regianregeive(Trenberth et al 2003). The

surface radiation is completely absorbed by atmospheric water vapour on its way to the satellite.
Each absorbing water vapour molecule emits radiation according to Planck's law, mainly
depending on its temperaturedatine extent of absorption differs depending on the wavelength,
the satellite sees different levels of atmosphere.

Geostationary Earth Orbi(GEO) satellites can produce data more timely and frequélttly
retrieved high temporal resolutiointegratedPrecipitable Watewapour (IPWV) from GEO
satellites sensor datan be utilized to monitor preonvective environments and predict heavy
rainfall, convective stormsand clouds that may cause serious damage to human life and
infrastructurgMartinez et al 2007 Liu et al, 2019 Lee et al, 2015). At present two advanced
Indian geostationary meteorological satellites INS2{I (launched on 26 July, 2013) and INSAT

3DR on 6 September, 2016) with similar sensor characteristics are orbiting over Indian Ocea
region and are placed at 82° E and 74° E respectively. INSBTR INSAT-3DR both satellites

are equipped with the infrared sounders with 19 channels, which are used to provide
meteorological parameters like the profiles of temperature, humidity and,oatmospheric
stability indices, atmospheric water vapor, etc. at 1 hour (sector A) and 1.5 hour (sector B)
intervals (Kishtawakt al, 2019). Temperature and humidity-@Tprofile) is used to retrieve
thermodynamic indices which is useful in analggthestrength and severity of severe weather
events Therefore IPWV is one of the critical variables used floyecasters when severe weather
conditions are expectdtlee et al, 2016). Copernicus Atmosphere Monitoring Service (CAMS)
global reanalysis (E84) latest data set of atmospheric composition has been built at approximate
80 km resolution with much improved biases and consistent with time. (Inness2€X18)The
concept of GNSS meteorology was firstrattucedby Beviset al,1992 1994 and Busingeret

al, 1992 and IPWV data were estimatedon Global Navigation Satellite SystefGNSS)
observationsin this study we have taken 19 Indian GNSS stations (10 inland, 8 coastal and 1
desert) or sites for study. Earlier studies (Jade,&G)5;Jade and Vijayaat al, 2008 Puviarasan
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et al, 2014 of water vapour over the Indian subcontinent and surrounding ocean have shown
strong seasonal variatians

The behavior of coastal regions are generally different from inland and desert statioastak
regions is greatly influenced moisture advection from breezing of thevgleiah is the cause of
the continuous increment PVWV even after the air temperature decred€atiz de Galisteo et
al., 2011).

PerezZRamirez Det al, 2014 compared Aarsol Robotic Network (AERONET) precipitable water
vapour retrievals from Sun photometers with radiosonde, ground based Microwave radiometry
GPS and found a consistent dry bias approximatéy?b with total uncertainties of 125 % in

the retrievalof precipitablewater vapour from AERONET.

The present study have two fold objectives (1) hatamparison of CAMS and INSABDR, IPW
retrievals with Indian GNSS stations hgking GNSSreference and (ll) performance in the
retrievals CAMS and INSABDR sounér for both land and oceaeagions This analysiwill be

very useful to know about the satellite and reanalysis uncertainties and their improvements over
place to place and season to season. It will also further improve and hébpetteesters to use
model as well as INSABDR data sets with confidence as these are avaitalde widespatial
coverageas compared to low density GNSSnetwork data over Indian domain.

2. Methodology and Datacollection

The measured IntegratderecipitableWater Vapour(IPWV) from the India Meteorological
Department(IMD) GNSS network with 15 minute temporal resolution data are used for the
comparisorof INSAT-3DR geostationargatelliteIPWV productsand CAMS reanalysis IPWV
dat. The INSAT-3DR data scans are eachook hour intervalfrom January2017 to Jue-2018
These measured and dexavIPWV products are arranged @slocation of both temporal and
spatial. The spatial views of the observational locatiofi GNSS andalong withINSAT-3DR
IPWV annualmean valueareshown inFigure2. Thenumber of obswational pointgN) of each
GNSS INSAT-3DR and CAMSreanalysiof each station with its latitude, longitudee shown

in Table2. Here winter season is considered as Decembmnuary and February monthse
morsoon season onsidered allarch, April and Maymonsoon season June, July and August
months finally post monsoon season is considere8egggemberQctoker andNovember months.
Statistical evaluation of the data has been done by using freely available open source R software.

2.1 Analysis of gatistical skill scores

The collocated comparisostatisticswith matchup data set issed to evaluate the statistical
performanceof retrievals ofINSAT-3DR and CAMS with respect taGNSSIPWV over Indian
region.
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The statisticalmetrics usedfor quantitativeevaluation arglinear correlation coefficien{CC),
Standard DeviatioiSD), Bias andRoot Mean Square Error (RMSEhe computaion of above
saidstatistical metricaregiven below:

Let, O represents theiobserved value of INSABDR or CAMS reanalysis datand M
represents thd'iGNSS IPWV value for a total of n observations.

Mean bias B)

Root MeanSquared Eor (RMSE)

YOYO - 0O ©
Correlation Mefficient (r)
. oB 0O B 0 B 0O
00
0B 0O B 0 0B 0 B 0
StandardDeviation SD)
6B 0 0 GB O O
3% g

2.2 Integrated Precipitable Water Vapour retrievals from INSAT -3DR Sounderdata

Sounding system of tH&ISAT-3DR satellitehave the capabilityotprovides vertical profiles of
temperaturg¢40 levels from surface to 70km) andhumidity (21 levels from sggce to~ 15km)

from surface to top of the atmosphefde 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 resolutiat nadir is 10 x 1@m for all nineteen channels. Specifications of
sounder channels are given in TableVertical profiles of temperature and moisture can be

4
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derived from radiances thesel8 IR channels, using the first guess from NWP data. INSBR
sounder channels lghtness temperature values are averaged over a number of field of view
(FOVs) prior to application of retrieval algorithrBased orthis, average vertical profiles are
retrieved at 30 x 30km (3 x 3 pixels) for each cloud free pixel

As INSAT-3DR IPWV is sensitive to the presence of clouds in the field of view (limitation of
Infra-red sounder sensors), henceltP@/V values collected under clear sky conditions were used

in this study. Atmospheric profile retrieval algorithm for INSBDR Sounder isa 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 tesylifirst guess profile using Newtonian
iterative method. The retrievals are performed using clear sky radiances measured by sounder
within a 3x3 field of view (approximately 30x30 km resolution) over land for both day and night
(similar toINSAT-3D ATBD, 2015). Four sets of regression coefficients are generatedsetao

for land and ocean daytime conditions and the other two sets for land and oceaimeght
conditions using a training dataset comprising historical radiosonde observations representing
amospheric conditions over INSA3DR observation regionintegratedPrecipitable Water
Vapour in mm can be given as:

PWV= ﬁzidp
Lor,

Wher e, 0 g 6 insof gtavity p asurtaeel peessward; ¢ 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 computingPWV from 19 clannel sounder of INSABDR in three layers i.e. 1000

900 hPa, 90000 hPa, 70800 hPa and total PWYV in the vertical column of atmosphere stretching
from surface to about 100 hPa during cloud free condition. Monsoon, severe weather, cloudy
condition putshe limitation for sounder profile (Venk&atnam et al., 2016 he GNSS and
INSAT-3DR retrieved IPWV values are matched at every .hour

Tablel INSAT-3DR Sounder channel specificat®n

INSAT-3DR Sounder Channels Characteristics

Cental
Channel Principal
Detector Wavelength p_ Purpose
No. absorbing gas
(mm)
Longwave |1 14.67 CO Stratosphere temperature
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2 14.32 CO. Tropopause temperature
3 14.04 CO. Upperlevel temperature
4 13.64 CO. Mid-level temperature
5 13.32 CO. Low-level temperature
6 12.62 water vapor Total precipitable water
7 11.99 water vapor Surface temp., moisture
8 11.04 Window Surface temperature
9 9.72 Ozone Total ozone
Mid wave 10 7.44 water vapor Low-level moisture
11 7.03 water vapor Mid-level moisture
12 6.53 watervapor Upperlevel moisture
13 4.58 N20 Low-level temperature
14 4.53 N20 Mid-level temperature
15 4.46 CO Upperlevel temperature
Short wave
16 4.13 CO Boundarylevel temp.
17 3.98 Window Surface temperature
18 3.76 Window Surface tempmoisture
Visible 19 0.695 | Visible Cloud
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163 Table 2:List of GNSS stations (latitude, longitude, height) and location environment

164
165

166
167
168
169
170
171
172
173
174
175
176
177

S.No| Station Station | Long Lat Ellipsoid | Environment
code Height(m)
1 Aurangbad ARGD | 75.39 19.87 528.13 Inland
2 Bhopal BHPL 77.42 23.24 476.22 Inland
3 Dibrugarh DBGH | 95.02 27.48 55.76 Inland
4 Delhi DELH 77.22 28.59 165.06 Inland
5 Jabalpur JBPR 79.98 23.09 355.09 Inland
6 Jaipur JIPR 75.81 26.82 335.37 Inland
7 Jalpaiguri JPGI 88.71 26.54 37.41 Inland
8 Pune PUNE 73.88 18.53 487.72 Inland
9 Raipur RIPR 81.66 21.21 245.56 Inland
10 Nagpur NGPR | 79.06 21.09 253.57 Inland
11 Dwarka DWRK | 68.95 22.24 -40.12 Costal
12 | Gopalpur GOPR | 84.87 19.3 -15.94 Costal
13 Karaikal KRKL 79.84 10.91 -79.07 Costal
14 | Kanyakumari KYKM | 77.54 8.08 -49.23 Costal
15 Machilipattnam MPTM | 81.15 16.18 -61.07 Costal
16 Panjim PNJM 73.82 15.49 -23.04 Costal
17 | Thiruvanathpuram TRVM | 76.95 8.5 -18.44 Costal
18 Bhubneshwar BWNR | 85.82 20.25 -16.72 Costal
19 Sriganganagar SGGN | 73.89 29.92 132.17 Desert

2.3 Scan Strategy of INSAT3DR Sounder

The Soundemeasures radiance @ighteennfrared(IR) and one visible channel simultaneously
over an area of area of 10 kml@ km at nadir every 100 ms. Using a taxes gimballed scan
mirror, this footprint can be positioned anywhere infibll of regard(FOR)- 24° (EW) x 19°
(N-S). To Sound theentireglobe areaf 6400 km x 6400 km in sizé takes almost three hours
A scan program mode allows sequential sounding of a selected area with periodic space and

cal

brati on

ooks.

Il n

t hi's

mo d e,

a o6fr ame'’

km, can be sounded. The selected frame can be placed anywheneawddti (EW) x 19° (NS).
An optimized scan strategy of soungeryloadis worked out involving all stakeholderssuch a
way Indianland region sectef datacovered up on hourly basasid Indian Ocean regid@ector
B datacovered upon one & halfhouly basisas shownn Figurel. The full aperture internal
Black-body calibration is performed every 30 min or on command based wheequeed.The

sounder payload has a provision to carried out on board IR calibration, in which the scan mirror

7
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pointedtowards the space look to measure the radiances then pointed to the internal blackbody
present on the payload for measuring its radiances. There is also a provision to measure the
temperature of internal black body. All these data sets are transmittedveltbnvideo data of
payload. During the processing at grourtde data collected during on board calibration are used

to generate the calibration look up table for each.s€his enables the derivation of vertical
profiles of temperature and humidityore accuratelyThese vertical profiles can then be used to
derive various atmospheric stability indices and other parameters such as atmospheric water vapor
content and total column ozone amourtte products derived over secidrdataare used for
weather forecasting on operational basis and products derived over -Baoe used for
assimilation in NWP model.

Sounder Observation Area

S ABX5) L2

SectorA SectorB
0300, 0400, 0500 UTONSAT-3DR 0000, 0130 UTC INSAT3DR

Figure 1Scan Strategy and Area of Coverage of INS3UJR Sounder payload
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Figure 2. The annual mean of IPWV over India retrieved from INS3OR during the year of
2018.The geographical distribution of 19 GNSS stations (filled Red color circles).

2.4IMD IPWYV observation network

The ground based GNS8WYV estimated at high temporal sampling (15 minute) dalarfuay

2017 June 2018) 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 Pivot Platform (TPP) software. The data is used operationally and archive as daily,
weekly, monthly as well as seasonal basis for future utilization and dissemination to the users,
researchers as per the official norms. Tome series of three years of GNSSpilapaied to
generate thdiurnal variation of PWV. An elevation angle of greater than 5° is set for all stations

to avoid the satellite geometry change and multipath effects. This is an optimum setting as a higher
cut off angl éuce(dry nsiAthe PhWY gstimatioh and nable 0.8 mm error in

IPWV (Emardson et al1998).The other possible sources of error associated with GNSS data are
mean temperature of atmosphere, dynamical pressure and isotropic errors. These errors will vary
with locaion and time of observatign

2.5INSAT -3DR and GNSSretrievals matchup criteria

The assessment of accuracy of INSADR satelliteretrieved IPWV with 19 GNSS stations in
different geographical locations which are locatedoastal inland anddesertregiors over the
Indian subcotinent and are shown in the TableThe GNSSPWV datasampled every 15 minute
andto maintain consistency withNSAT-3DR retrievalsthose ar@vailable every one hounterval
of timeover the Indian region fothe periodl® January2017 to30" June2018 have been utilized.

9
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Matchup data sets for were prepared for INSHIR and GNSS IPWV as per the following
criteria

(1) To reduce the local horizontal gradient arising in IPWke absolute distance between the
position ofthe GNSS station®cations are sewithin the 0.25° latitude and longitude of the
INSAT-3DR retrievals in the region surrounding the station

(2) The temporatesolution selectedf INSAT-3DR and ® GNSS observations is withBO min
time intervaldepending on retrievals and the location of the GNSS stations.

(3) The INSAT3DR IPWV retrievals are interpolated to different geographical locatodri
GNSS observations.

2.6 Copernicus Atmosphere Monitoring Service(CAMS) reanalysis data

The CAMS reaalysis was produced using 4DVar dassimilation inEuropean Centre for
Medium Range Weather ForecasisG@ MWH dntgegrated Forecasting System (IFS), with 60
hybrid sigma/pressure (model) levels in the vertical, with the top level at 0.1 hPa. Atmospheric
data are available on these levels and they are also interpolated to 25 pressure levels, 10 potential
temperature levels and 1 potential vorticity leflehes et al, 2019)This new reanalysis data set

has horizontal resolution of about 80 km &.% 0.75°), smaller biases for reactive gases and
aerosols, improved and more consistent with time as compared to earlier veCsithosation

match up has been creatad075° x 0.75° (about80km) spatialresolution for comparisoand
performancewith INSAT-3DR. Temporal domairare selectedat 00, 03, 06, 09, 12, 15, 18, 21
UTC time intervalfor Indian GNSS along with INSAT-3DR at 03, 09, 15, 21 UTCor
performance analysisThe CAMS reanalysisIPWV retrievals are interpolated to different
geographical dcations of 19 GNSS observation#/e use nearest neighbor interpolation
techniques to interpolate CAMS reanalysis with GNSS data. In this method we evaluate each
station to determine the number of neighboring grid cells in°k 775 box that surround the
GNSS station and contain at least one valid CAMS reanalysis @AtdS data is capable to
capture large scale features of moisture flolwch help the forecasters in predictilagge scale
weathersystemssuch as western disturbasgceyclonic storm, monitoring of monsoand other
associated weather events affecting throughout the year in Indian domain

Table3. Statistical analysis of IPWV retrievals from INSABDR & GNSS data (JanuaB017
& June2018).

S. No Station N MB RMSE R
(mm) (mm)
1 ARGD 2318 -0.99 4.83 0.85
2 BHPL 791 3.48 5.88 0.93
3 DBGH 688 -3.02 12.38 0.72
4 DELH 1880 -1.58 4.53 0.89

10
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5 NGPR 2032 -0.10 4.32 0.89
6 JBPR 952 1.96 4.39 0.93
7 JIPR 1576 0.46 4.26 0.88
8 JPGI 1551 2.25 8.10 0.75
9 PUNE 567 0.69 6.18 0.83
10 RIPR 1849 0.71 4.01 0.84
11 BWNR 1443 151 5.61 0.88
12 DWRK 2628 2.93 7.10 0.85
13 GOPR 1850 0.76 7.59 0.82
14 KRKL 1128 0.52 6.59 0.88
15 KYKM 1574 191 7.21 0.80
16 MPTM 1747 3.12 7.29 0.81
17 TRVM 905 0.01 7.56 0.76
18 PNJM 1396 -2.93 9.28 0.67
19 SGGN 1040 -1.41 4.42 0.88

246 Table 4Statistical seasonal analysis of retrievals of IPWV from INS®R and GNSS data

Station | Season N MB RMSE R
(mm) (mm)

ARGD Pre Monsoon (MAM) 1129 -2.10 4.14 0.86
Monsoon(JJA) 73 -0.53 5.50 0.49
Post Monsoon (SON) 271 3.02 6.23 0.90
Winter (DJF) 845 -0.84 5.10 0.67

BHPL Pre Monsoon (MAM) 69 -0.49 3.81 0.77
Monsoon (JJA) 78 2.10 7.73 0.64
Post Monsoon (SON) 339 5.23 6.96 0.93
Winter (DJF) 305 2.78 4.16 0.95

DBGH Pre Monsoon (MAM) 214 -1.96 6.69 0.72
Monsoon (JJA) 83 -12.39 14.71 0.64
Post Monsoon (SON) 79 -22.52 27.74 -0.28
Winter (DJF) 312 3.68 7.39 0.48

DELH Pre Monsoon (MAM) 793 -1.44 3.98 0.85
Monsoon (JJA) 84 -5.79 7.90 0.92
Post Monsoon (SON) 230 -0.76 5.13 0.92
Winter (DJF) 773 -1.51 4.36 0.79

NGPR Pre Monsoon (MAM) 772 -1.42 4.06 0.85
Monsoon (JJA) 25 0.39 541 0.57
Post Monsoon (SON) 254 1.08 5.86 0.90
Winter (DJF) 981 0.61 4.00 0.83

11



JBPR Pre Monsoon (MAM) 438 1.51 4.79 0.84
Monsoon (JJA) 11 -4.05 4.43 0.92
Post Monsoon (SON) 50 1.89 3.94 0.98
Winter (DJF) 453 2.54 4.02 0.94
JIPR Pre Monsoon (MAM) 505 -0.44 3.86 0.83
Monsoon (JJA) 70 -3.84 5.89 0.92
Post Monsoon (SON) 383 1.34 4.48 0.89
Winter (DJF) 618 1.13 4.21 0.71
JPGI Pre Monsoor{fMAM) 527 -1.59 6.88 0.79
Monsoon (JJA) 67 -6.69 9.25 0.75
Post Monsoon (SON) 161 9.43 10.91 0.65
Winter (DJF) 796 4.09 8.07 0.50
PUNE Pre Monsoon (MAM) 333 0.03 6.65 0.72
Monsoon (JJA) 63 -3.10 5.09 0.67
Post Monsoon (SON) 170 3.35 5.54 0.79
Winter (DJF) 1 5.90 5.90 NaN
RIPR Pre Monsoon (MAM) 864 -0.39 3.94 0.84
Monsoon (JJA) 0 NaN NaN NaN
Post Monsoon (SON) 68 4.83 6.09 0.75
Winter (DJF) 917 1.45 3.88 0.77
KRKL Pre Monsoon (MAM) 739 0.03 5.29 0.89
Monsoon (JJA) 105 -0.58 8.54 0.15
Post Monsoon (SON) 31 -1.88 8.54 0.59
Winter (DJF) 253 2.68 8.53 0.63
KYKM Pre Monsoon (MAM) 686 0.31 5.84 0.79
Monsoon (JJA) 110 -1.73 9.53 0.31
Post Monsoon (SON) 155 0.88 11.21 0.50
Winter (DJF) 623 4.56 6.83 0.88
MPTM Pre Monsoon (MAM) 767 2.17 5.54 0.81
Monsoon (JJA) 40 2.47 5.22 0.77
Post Monsoon (SON) 172 -0.43 13.49 0.48
Winter (DJF) 768 4.89 6.94 0.73
GOPR Pre Monsoon (MAM) 837 -1.22 7.11 0.70
Monsoon (JJA) 29 -2.25 4.23 0.88
Post Monsoon (SON) 253 1.55 11.41 0.69
Winter (DJF) 731 2.87 6.48 0.72
DWRK | Pre Monsoon (MAM) 1119 1.42 7.12 0.62
Monsoon (JJA) 377 -0.93 5.47 0.78
Post Monsoon (SON) 362 6.09 8.37 0.87
Winter (DJF) 770 5.54 7.12 0.82

12



PNJM Pre Monsoon (MAM) 878 -4.75 10.27 0.60
Monsoon (JJA) 46 -0.39 5.76 0.60
Post Monsoon (SON) 39 -6.10 18.73 0.20
Winter (DJF) 433 0.79 5.35 0.64
TRVM Pre Monsoon (MAM) 360 -1.85 6.98 0.75
Monsoon (JJA) 53 -7.05 11.36 0.10
Post Monsoon (SON) 113 -0.32 10.56 0.42
Winter (DJF) 379 2.87 6.25 0.82
BWNR | Pre Monsoor{MAM) 441 0.39 5.71 0.80
Monsoon (JJA) 12 -5.22 7.37 0.89
Post Monsoon (SON) 92 3.56 8.36 0.79
Winter (DJF) 898 1.94 5.16 0.82
SGGN Pre Monsoon (MAM) 179 -1.23 3.81 0.79
Monsoon (JJA) 33 -3.96 5.49 0.91
Post Monsoon (SON) 432 -3.24 5.52 0.87
Winter (DJF) 396 0.72 2.99 0.91

247

248 Table 5 Statistical analysis of IPWV retrievals froBAMS& GNSS data (Januatg December
249 2018)

S.No. Station N MB RMSE R

1 ARGD 1624 -2.72 3.69 0.97
2 BHPL 0 NaN NaN NaN
3 DBGH 1002 291 6.7 0.95
4 DELH 2345 -1.27 3.09 0.99
5 NGPR 1325 1.99 9.17 0.88
6 RIPR 1727 -1.94 3.48 0.98
7 JBPR 1483 -1.11 3.25 0.99
8 PUNE 1165 -6.69 7.62 0.96
9 JIPR 1483 0.75 7.19 0.92
10 JPGI 2168 -0.68 3.83 0.98
11 BWNR 1240 7.5 13.59 0.48
12 KRKL 1949 -0.9 3.74 0.96
13 KYKM 2145 0.47 3.33 0.96
14 MPTM 1929 -1.3 3.69 0.97
15 PNJM 750 2.27 7.25 0.78
16 GOPR 1625 -0.41 3.76 0.98
17 DWRK 2094 -0.87 3.12 0.98
18 TRVM 2073 -1.91 4.33 0.93
19 SGGN 2274 -1.74 3.37 0.98

13
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251

252 Table6.Statistical seasonal analysis of retrievals of IPWV fl@AMS and GNSS data

Station Season N MB RMSE R
ARGD Pre MonsoorfMAM) | 673 -2.09 3.25 0.93
Monsoon (JJA) 97 -3.02 5.32 0.75
Post Monsoon (SON| 248 -3.42 4.24 0.97
Winter Winter (DJF)| 606 -3.09 3.6 0.96
BHPL Pre Monsoon (MAM) | O NaN NaN NaN
Monsoon (JJA) 0 NaN NaN NaN
Post Monsoon (SON| O NaN NaN NaN
Winter (DJF) 0 NaN NaN NaN
DBGH Pre Monsoon (MAM) | 261 5.98 7.48 0.92
Monsoon (JJA) 169 6.6 7.43 0.84
Post Monsoon (SON| 396 1.39 6.37 0.95
Winter (DJF) 176 -1.76 5.31 0.49
DELH Pre Monsoon (MAM) | 719 -0.86 2.83 0.95
Monsoon (JJA) 223 0.2 4.9 0.92
Post Monsoon (SON| 721 -2.22 3.57 0.99
Winter (DJF) 682 -1.19 1.74 0.97
NGPR Pre Monsoon (MAM) | 192 -0.53 2.27 0.94
Monsoon (JJA) 211 1.57 3.53 0.89
Post Monsoon (SON| 410 7.23 16.06 0.5
Winter (DJF) 512 -1.09 2 0.97
JBPR Pre MonsoorfMAM) | 276 1.49 3.48 0.86
Monsoon (JJA) 160 0.97 2.8 0.9
Post Monsoon (SON| 507 -2.52 3.89 0.98
Winter (DJF) 540 -1.72 2.5 0.96
JIPR Pre Monsoon (MAM) | 276 3.67 8.28 0.16
Monsoon (JJA) 160 2.28 7.53 0.73
Post Monsoon (SON| 507 -0.47 8.05 0.88
Winter (DJF) 540 -0.05 54 0.58
JPGI Pre Monsoon (MAM) | 662 0.69 4.15 0.93
Monsoon (JJA) 188 -2.79 441 0.8
Post Monsoon (SON| 644 -1.58 4.32 0.97
Winter (DJF) 674 -0.57 2.63 0.87
PUNE Pre Monsoon (MAM) | 456 -7.28 8.21 0.92
Monsoon (JJA) 212 -7.06 8.02 0.81
Post Monsoon (SON| 424 -6.32 7.14 0.94
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Winter (DJF) 73 4.1 4.65 0.94
RIPR Pre Monsoon (MAM) | 573 -0.98 3.59 0.94
Monsoon (JJA) 135 -1.94 3.53 0.74
Post Monsoon (SON| 488 -2.79 3.96 0.98
Winter (DJF) 531 -2.21 2.81 0.97
KRKL Pre Monsoon (MAM) | 711 -1.28 3.37 0.97
Monsoon (JJA) 225 0.52 2.94 0.8
Post Monsoon (SON| 690 -0.8 4.37 0.89
Winter (DJF) 323 -1.26 3.58 0.95
KYKM Pre Monsoon (MAM) | 647 0.61 3.44 0.94
Monsoon (JJA) 212 0.03 3.01 0.87
Post Monsoon (SON| 589 1.07 3.57 0.92
Winter (DJF) 697 -0.03 3.11 0.95
MPTM Pre Monsoon (MAM) | 632 -0.28 3.26 0.94
Monsoon (JJA) 223 0.96 3.31 0.8
Post Monsoon (SON| 655 -2.26 4.27 0.96
Winter (DJF) 419 -2.55 3.52 0.96
DWRK Pre Monsoon (MAM) | 597 -1.02 2.53 0.91
Monsoon (JJA) 218 1.42 3.4 0.96
Post Monsoon (SON| 614 -0.92 3.8 0.95
Winter (DJF) 665 -1.43 2.77 0.91
GOPR Pre Monsoon (MAM) | 656 -1.4 4.46 0.89
Monsoon (JJA) 231 2.1 3.65 0.8
Post Monsoon (SON| 318 1.42 3.35 0.96
Winter (DJF) 420 -1.64 2.78 0.92
PNJM Pre Monsoon (MAM) | 398 3.6 7.88 0.74
Monsoon (JJA) 75 3.57 11.41 0.38
Post Monsoon (SON| 277 0.01 4.23 0.86
Winter (DJF) 0 NaN NaN NaN
TRVM Pre Monsoon (MAM) | 631 -2.26 4.7 0.9
Monsoon (JJA) 199 -0.51 2.3 0.92
Post Monsoon (SON| 617 -1.17 3.85 0.89
Winter (DJF) 626 -2.74 4.84 0.89
BWNR Pre Monsoon (MAM) | 644 13.88 16.5 0.29
Monsoon (JJA) 0 NaN NaN NaN
Post Monsoon (SON| O NaN NaN NaN
Winter (DJF) 596 0.6 9.48 0.16
SGGN Pre Monsoon (MAM) | 680 -0.85 2.76 0.93
Monsoon (JJA) 192 -0.84 4.57 0.94
Post Monsoon (SON| 712 -2.51 4.04 0.97
Winter (DJF) 690 -2.05 2.67 0.95
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3. Results and discussion

3.1 Inter-comparison of INSAT-3DR and Indian GNSSIPWV
From the Figre 3, The Taylor diagram to evaluate the slaharacteristicsof the annual

distribution of IPWV retrieved from INSABDR satellite with 19GNSS IPWV atdifferent
geographical locationg-{gure 2) over Indian subcontinent during the period danuary 20170t
30 June 2018. Further tailor diagram displaying thetically skill metrics:distribution of the
correlation coefficient, rootnean square error (RMSE) and standdediation. If a IPWV
performs nearlyerfect, its position in the diagram is expectede very close to the observed
point (Figure 3). An attempt have been made to evaluate the IPWV retrieved from INSERT
satellite with GNSS observations shdwe root mean square error (RMSEB inland stations out
of 10 stations lies between 4 toén except 8 mm and 12 mier Jdpaiguri (JPGI) and Dibrugarh
(DBGH) stationsrespectively The value of Correlation Coefficient (CC) and bias for inland
stations lie infte range (0.72 to 0.93) &3.0 mmto +3.0mm) respectively. Similarly, for all the
coastal stations the value of CC and bias lie in the range (0.67 to 0.88)0&(n to +3.0mm)
respectivelyRMSE for 7 coastal stations out of 8 stations lie betwaam%o 7 mm except 9 mm
of Panjim The value of CC and biasd RMSHEor desert statio (SGGN) 0.88;1.4 mmand 4.42
mm respectivelyTable3).

The correlation coefficient of IPWV varies from 0.60 to 0.89 of all the stations for the pre monsoon
season. IPWV retrieved from INSAIDR satellite with respect to GNSS IPWV are having the
negaive biases rangesd.7 mm to-0.39mm) which are indicating underestimation of IPWV at
the stations of ARGD, DBGH, DELH, NGPR, JIPR, JPGI, RIPR, GOPR, PNJM, TRVM &
SGGN. The stations JBPR, PUNE, KRKL, KYKM, MPTM, DWRK, and BWNR are having the
positive bases ranges (0.03 to 2.54 mm) which are indicating overestimation of IPWV by INSAT
3DR during premonsoon season. RMSE ranges betweem&o 10mm (Table 4)

The correlabn coefficient of IPWV variegrom 0.60 to 0.90 of all the stations durimgpnsoon
season except TRVM (0.1), KYKM (0.31) and KRKL (0.15) respectively. The stations ARGD,
DBGH, DELH, JBPR, JIPR, JPGI, PUNE, KRKL, KYKM, GOPR, BWNR, PNJM, TRVM and
SGGN are having the negative biases range84mm to-12.39 mm) which are indicating the
underestimation of IPWV by INSABDR as compared to MPTM, NGPR & BHPL are having the
positive biases ranges of (0.88m to 2.47mm) during monsoon season. RMSE ranges of 4.23
mm to 14.7Imm (Table 4)

The correlabn coefficient of IPWV variesrom 0.60 © 0.98 of all the stations during post
monsoon season except TRVM (0.42), PNJM (0.2), MPTM (0.48), KYKM (0.50) and DBGH (
0.28) respectively. The stations DBGH, DELH, KRKL, MPTM, PNJM, TRVM and SGGN are
having the negative biases rang€s32mm to-6.10mm) except DBGH-2.52mm) which are
indicating the underestimation of IPWV by INSADR as compared to ARGD, BHPL, NGPR,
JBPR, JIPR, JPGI, PUNE, RIPR, KYKM, GOPR, DWRK, BWNR are having the positive biases
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ranges of (0.881m to 9.43mnm) during postnonsom season. RMSE ranges of 3r@# to 13.49
mm except PNJM (18.78m) & DBGH (27.74mm) respectivelyTable 4)

The correlatbn coefficient of IPWV variesrom 0.64 to 0.95 of all the stations during winter
season except DBGH (0.48), JPGI (0.50) respectively. The stations BHPL, DBGH NGPR, JBPR,
JIPR, JPGI, PUNE, RIPR, KRKL, KYKM, MPTM, GOPR, DWRK, PNJM, TRVM, BWNR &
SGGN are having the positive biases rand®.61mm to 5.90) which are indicating the
overestimation of IPWV by INSABDR as compared to ARGB0O(84mm) & DELH (-1.51mm)

during winter season. RMSE ranges of 2188 to 8.53mn{Table 4).

Scatter plot of hourly INSATBDR IPWV and GNSS IPWV plotted iRigure4 using hexagonal
binning. The number of occurrences in each bin is catoded (not on a linear scale). It is now
possible to see where most of the data lie and a better indication of the relationship between GNSS
IPWV and INSAT-3DR IPWYV are revaled.

ARGD station is located at leeward or eastern side of Western Ghats. During post monsoon season
convective type thunderstorm are common and main source of precipitation and increase in IPWV.
Delhi has humid subtropical type of climate and affecteddferent type of weather system like:
Western Disturbances (WDs), induced cyclonic circulations, advection of moisture from Arabian
Sea and Bay of Bengal during intense cyclonic activities convective activities immpresoon

season throughout the yaarvarious proportions.

Stations TRVM, KYKM, KRKL, PNJM, MPTM, JPGI and DBGH are poorly correlated (INSAT
3DR vs. GNSS) averaging of INSAIDR pixels in gridded data contains both sea and
mountainous land together along with topographically diverse tsriaiound these stations.
Similar behavior is also seen in annual analysis of IPWV in coastal stations with the above said
reasons.

It is seen that discrepancies arise because the wet mapping functions that used to map the wet delay
at any angle to the zehido not represent the localized atmospheric condition particularly for
Narrow towering thunder clouds and rawvailability of GPS satellites in the zenith direction
(Puviarasan et al., 2020).

Large or small bias between IPWV retrieved from INS20R and GNSS exists due to
limitations of the INSAT3DR retrievals and calibration uncertainties in the radiance measured by
INSAT-3DR. Another possibility of operation differences in IPWV measuremahdpted in
GNSS /INSAT3DR in respect to mapping functions /weighting functions

The results indicate that the RMSE values increases significantly thedeet conditions (Pre
Monsoon & Monsoon season) than under dry conditions (Post Monsoon & wiasen¥@ able
4).The study showed differences in the magnitude and sign of bias of H8BRTwith respect to
GNSS IPWV from station to station and season to season.
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Figure 5Taylor diagranof CAMS vs Indian GNSS retrievals

3.2Inter -comparison of CAMS reanalysis and Indian GNSSPWV

From the Figre 5, the Taylor diagranevaluats the skill characteristicin terms of RMSE,
Correlation Coefficient and Standard Deviatadrthe annual distribution of IPWV retrieved from
CAMS with 19 GNSS IPWV at different geographical locations (Féy5) over Indian
subcontinent during the periad 1 January 208to 31 Decembef018.The root mean square
error (RMSH betweenCAMS reanalysis & GNSS data retrievatsf 9 inland stations ot of 10
stations lies between 3 to 7 mm except 9 fanNagpur (NGPR)stationrespectivelyThe value
of Correlaton Coefficient (CC) and bias for inland stations lie in the range (0.88 to 0.99) @& (
mm to +3.0 mm, except Puné,69 mm) respectivelfTable 5)

Root Mean Square Error (RMSE) for 7 coastal stations out of 8 stations lie between 3 to 7 mm
except 14.0nm of Bhubaneswar (BWNRThevalue of CC and bias lie in the range 78.to 0.8
except 0.48 BWNR) &-2.0 mmto +20 mmexcept +7.5 mm at BWNRespectively. The value
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of CC and bias for desert station (SGGN) 0.88-amtimm respectivelyrhe desert ation RMSE,
CC & Bias are 3.37 mm, 0.98 anti74 mmrespectively Table 5).

The correlabn coefficient of IPWWariesfrom 0.74 to 0.97 of all the stations except JIPR
(0.16) & BWNR (0.29) for the prenonsoon season. IPWV retrieved from CAMS reanalysis
respect to GNSS IPWV are having the negative biases rai’g28 (nm to-0.28mm) which are
indicating underestimation of IPWV at the stations of ARGD, DELH, NGPR, PUNE, RIPR,
KRKL, MPTM, DWRK, GOPR, TRVM, SGGN. The stations DBGH, JBPR, JIPR, JR&KM,
PNJM and BWNR are having the positive biases ranges (@r61lto 13.88 mm) which are
indicating overestimatioaf IPWV by CAMS during prenonsoon season. RMSE ranges between
2.27mm to 8.28nm except BWNR (16.560m) (Table 6).

The correlation coefficient of IPWV varies from 0.73 to 0.96 of all the stations during
monsoon season except PNJM (0.38) respectively. The stations ARJD, JPGI, PUNE, RIPR,
TRVM and SGGN are having the negative biases ran@esl(mm to-7.28 mm) whichare
indicating the underestimation of IPWV by CAMS reanalysis as compared to DBGH, DELH,
NGPR, JBPR, JIPR, KRKL, KYKM, MPTM, DWRK, GOPR & PNJM are having the positive
biases ranges of (0.08m to 6.60mm) during monsoon season. RMSE ranges of gB0to
11.41mm. Data are not available at the stations of BHPL & BWNR (Table 6).

The correlation coefficient of IPWV varies from 0.86 to 0.99 of all the stations duostg
monsoon season except NGPR (0.50) respectively. The stations ARJD, DELH, JBPR, JIPR, JPGI
PUNE, RIPR, KRKL, MPTM, DWRK, TRVM, SGGN are having the negative biases ranges (
0.47mm to-6.32mm) which are indicating the underestimation of IPWV by CAMS reanalysis as
compared to DBGH, NGPR, KYKM, GOPR, PNJM are having the positive biases rar{Qexlof
mm to 7.23nm) during postnonsoon season. RMSE ranges of 3n3&to 8.05mm except NGPR
(16.06 mm) respectively (Table 6puring this transition time most parts of the Indian region
remaingradually dry and decreasewater content as comparedtte North East and Southern
parts of Indialt has been observed in this analysis during-pumisoon seasostationslocated
in dry/wet region®f IndiaCAMS data under/over estimates with respect to GNSS.

The correlation coefficient of IPWV variesoim 0.87 to 0.97 of all the stations during
winterseason except DBGH (0.49) JIPR (0.58) & BWNR (0.16) respectively. The stations ARJD,
DBGH, DELH, NGPR, JBPR, JIPR, JPGI, PUNE, RIPR, KRKL, KYKM, MPTM, DWRK,
GOPR, TRVM, SGGN are having the negative biaseges {0.03mm to-4.10mm) which are
indicating the underestimation of IPWV by CAMS reanalysis as compared to BWNR are having
the positive biases of (0.68m) duringwinter season. RMSE ranges of 1.im to 9.48mm
respectively Table 6).

During winter seasonover Indian regionlocal effects which play an important role moisture
development are suppressed from their importance due to sparse observation netwamidl data
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optimizationof random and systematic erraviich is further utilized foeffectiveimprovement
in model predictions

CAMS data used in this study have consistency and homogenous spatial with reduced bias
and better performance of model physics and dynamics due to assimilation of new data sets. But
over Indian domain during pmonsoon sasonland stations is mainly affected by local
convective developments of shorter time scale of few hours which is not captured by the CAMS
data and a dry bias prevails in most of the stations mentioned above.

Few GNSS data is assimilated for Indian regio the latest CAMS Datsets. Duringnonsoon
season 6 stations mentioned above are underestimating IPWV with CAMS data due to complex
and rugged topographic terrains which is not well captured in CAMS data due to very few
observations are available inese locations. In almost all other stations IPWV values are
overestimated as the global features of monsoon flow are well captured by the CAMS data. The
similar findings (over estimate or underestimate) are also observed with GNSS data &r abov
mentionedstations except PN and BWNRwhere the meteorological sensor get replaced 2 to 3
times duringhe year o2018.

3.3Inter-comparison of CAMS reanalysis andINSAT -3DR IPWV

The correlation coefficient (CC) computed between INSSDR and CAMSreanalysis IPWV

retrievals are negative correlated almost entire land area, except pockets of Indo Gangetic Plain
(IGP) of Indian region for winter months. The computed value of CC lies within the range 0.2 to
-0.5in the land area. Over Ocean retrievals the value€are slightly positive side (0.0 to 0.5)

in entire area of Bay of Bengal and Arabian Sea except off shore area on both east and west side
in winter month@~igure6). This poorresemblanceetween the results (INSA3DR and CAMS)

may be due to the imgolated valuesf coarseresolutionCAMS datalNSAT-3DR satellite based

data have diverse, covariant information content, different temporal coverage and have smaller
ability with respect to representative observations in CAMS.

In premonsoon season thalue of CChetweerlNSAT-3DR and CAMSeanalysigetrievals are
positive (0.0 to 0.6) over Oceanic entire areas of Bay of Bengal and Arabian Sea except few
patches in Arabian Sea. Over land the values are slightly positive (0.0 to 0.2) in many areas and
dightly negative (0.0 t80.3) for pockets of North West and Central India region (Figure

During monsoon month the value of CC is over land area are mostly positively correlated (0.0 to
0.7) except the belt of monsoon trough and south India whichdiewen appreciably low value

of CC (0.3 to-0.5). This might be due to the presence of clouds on both side of monsoon trough
and southern belt of India during monsoon sea@agure6).

In post monsoon season months the value of CC between H8BRTand CAMSreanalysis
retrievals are positive (0.0 to 0.7) for both land and oceanic areas almost entirely except some areas
of North of Bay and Beagal and South East Arabian S&agure6).
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Thedifferences in the magnitude and sigrCal of INSAT-3DR with respect t&€ AMS reanalysis
IPWV due to lack of quality controlled data, limitations of the instrument @lidcatiors in
matchup data sets

Seasonabias between CAMS$eanalysisand INSAT3DR (CAMS-INSAT) retrievalsis higher
(positive)in monsoon and prasonsoon monththan inwinter and post monsoon months for both
land and oceanic areds.has been observed from the analysis (FigQrthat CAMS data over
estimate as compared to IN6ASBDR IPWV at both land and ocean during jpnensoon and
monsoon season. The same is underestimate during winter and post monsoof-spasdi.

SeasonaRMSE between CAMSeanalysisand INSAT3DR (CAMSINSAT) retrievals are
higher(>15 mm)over Bay of Bengal and pockets of Indo Gangetic Plains (IGP), North East (NE)
India, Southern Parts of India, North Indian Ocean and AraBiam duringpremonsoon,
monsoon post monsoon seas@md (< 15 mm) during winter season. Higher values of RMSE
prevails over the regions of higher moisture availability or water content in the Atmosphere.
(Figure8).

3.4Distribution and Variability of IPWV retri eved from INSAT-3DR and CAMS reanalysis

The annuamean value and standard deviation of both the retrigM8#AT -3DR sounder and

CAMS reanalysiglat sets are presented in FigureThe standard deviations of CAM&analysis
retrievals data set are appreciably high (0.0 to 14 mm) in both land and ocean areas as compared
to INSAT-3DR retrievals. This variatioof higher spread from mean values is may be dtieeto

drier bias presenin the CAMSreanalysiglata sets (Inness et al, 2019) with coarser resolution as
compared to INSAT3DR retrievals.

The meadPWYV valuesvary in the range ofie0 mm depending upothe regionand prevailing
weather systemaffectedthroughout the yeatarger meanPWVs occur in the coastal regions of
Indian Ocean regions compare to inland and desert regions waemoair condition as compared
to inland and ocearThe south foothilof Himalayas has the laggt PWV variation with a SD ~16
mm (Figure 9. This is attributedto the monsoon seasaiat results in large changes in
precipitation at different seasoimstheseregions.The seagnal distribution of mean IPWV and
standard deviation of CAMS and INSA3DR for monsoon and post monsoon increased in CAMS
data as compared to INSA3ZDR retrievals due to wet bias present in the CAMS datdSegisre

10).

Standard deviation (SD) between CANEaNnalysisand Indian GNSS retrievals is more dispersed
from their mean values. The Standard deviations values are higher over ocean as compared to land

areas in every season except post monsoon season (Fgure 1

22



452

453
454

455

456

DJF CC

75°E 85°E  90°E  95°E

B80°E
Longitude

35°N f-

w
o

3
=

N
w

o
=

Latitude

N
o

)
=

65°E  70°E  75°E

B80°E 85°E 90°E 95°E
Longitude

1.0

1.0

IPWV (mm)

IPWV (mm)

35°N

15°N

10°N

65°E

70°E

75°E

B80°E B5°E 90°E 95°E
Longitude

Figure6. SeasonaCorrelationCoefficient of CAMS and INSAT3DR data

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

IPWV (mm)

23



