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Water vapour is highly variable over tropical region and sensitive to weather condition, monsoon onset,
green house eAect, and pollution level in Ganga River. In the present study, variability in water vapour
derived from Global Positioning System (GPS) over Varanasi (25°200 N, 82°590 E) during the period
2007–2010 has been studied. The GPS-derived water vapour (WV) has been compared with those
retrieved from Moderate Resolution Imaging Spectroradiometer (MODIS) and ECMWF. The GPS-WV
data concurrent to MODIS and ECMWF timing has been correlated to perform further analysis. To study
the accuracy of water vapour retrieved from the MODIS and ECMWF, root mean square error (RMSE),
absolute error (AE), correlation and standard deviation in it are computed with respect to GPS-derived
water vapour. Analysis shows an annual correlation R2 = 86%, RMSE = 9.5 mm and AE (MODIS–
GPS) = 7.0 mm in MODIS retrieval and annual correlation R2 = 86%, RMSE = 6.1 mm and AE
(ECMWF–GPS) = 2.4 mm in ECMWF reanalysis retrieval. Correlation of ECMWF and MODIS
datasets with the GPS datasets are found to vary significantly with seasons. The correlation is high
during monsoon season and low during spring season. Water vapour is found to be an indicator for the
onset of monsoon.
Keywords. Global Positioning System (GPS); water vapour; MODIS; IGB; ECMWF.

1. Introduction
Water vapour is an important constituent of the
atmosphere which is produced by evaporation of
liquid water. Due to its high variability, it plays an
important role in climatology, thermodynamics of
atmosphere and weather prediction (Andersson
et al. 2005). It is common to represent the water
content of the atmosphere in terms of integrated
or precipitable water vapour (PWV). Precipitable water vapour (PWV) is deBned as the water
vapour contained in a column of unit cross-section
area from the Earth’s surface to the top of the

atmosphere. It is also expressed in terms of the
height, in millimeters, to which that water would
stand if completely condensed and collected in a
vessel of the same unit cross-section. PWV is a
greenhouse gas which causes global warming and
its knowledge helps us to study the energy radiation budget of atmosphere. Due to uncertainty in
PWV, it is observed that it aAects the surface
radiation budget and the heating or cooling rate in
the atmosphere (Liu et al. 2005). Water vapour is
not only important for Earth’s radiative balance,
but also acts as an active player in dynamic processes that shape the global circulation of the
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atmosphere, and thus climate. The latent heat
released when atmospheric water vapour condenses
and the cooling of air through evaporation or sublimation of condensate aAect atmospheric circulations and hence climate (Schneider et al. 2010).
As it is highly variable spatially, water vapour
helps to study the climate change which is unpredictable and extremely uncertain. On the basis of
meteorological parameter like temperature and
pressure, GPS gives continuous measurement of
total column water vapour for all weather conditions (Jade et al. 2005). Traditional way to measure PWV using atmospheric sounding is based on
radiosonde proBles. Radiosondes provide detailed
information on PWV, but it is limited spatially and
temporally. In recent years due to fast development of GNSS, GPS having very high temporal
resolution and precision has become important for
PWV monitoring (Jade et al. 2005). As atmospheric water vapour changes the atmospheric
refractivity, satellite-receiver path delays provide
unique information on the total water vapour
within the troposphere and stratosphere (CamposArias et al. 2019). Several eAorts have been made
to study the spatial and temporal variation of
water vapour over Indian region (Bibi et al. 2015;
Ningombam et al. 2016; Jade et al. 2019). Kumar
et al. (2013) analyzed the GPS-derived PWV over
Varanasi and Kanpur for year 2007–2008 and
reported that GPS-derived PWV is highly correlated with those observed from MODIS
(R2 * 0.98) and AERONET (R2 * 0.99). In the
trans-Himalayan region comparison between GPS
and MODIS derived data have been done and a
close relation between them of R2 * 0.91 and AE
MODIS–GPS = –0.18 is found (Ningombam et al.
2016). Trend analysis over Taiwan for the year
2006 have been made and it is found that there is
net increment in the magnitude of PWV growth
rate and this rate was found to be increased from
9.2% to 13.0% (Yeh et al. 2016). Prasad and Singh
(2009) suggested for the improvement in AE correction in water vapour retrieved by MODIS. They
also reported that there is a good agreement
between GPS and AERONET with R2 = 95%,
RMSE = 3.87 mm, AE = –2.63 mm and GPS–
MODIS with R2 = 91%, RMSE = 9.37 mm,
AE = –6.58 mm. Long-term analysis (2006–2011)
for water vapour and rainfall have been done and
net increment over northern, western, southern,
eastern and mountain region is found (Yoon et al.
2006). Li et al. (2003) compared MODIS PWV and
GPS PWV and suggested that MODIS PWV
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should be modiBed by linear Bt model. They have
also suggested that calibrated MODIS PWV
seemed to be in good agreement with GPS-derived
PWV.
MODIS, a satellite-based measurement provides
daily averaged water vapour data. It covers large
spatial range (1° 9 1°), so for local coverage it is
necessary to analyze MODIS derived water vapour.
Nowadays, GPS has emerged as a useful sensor to
measure the water vapour data which uses frequency signal between 1 and 3 GHz. Validity of
MODIS-derived water vapour with GPS-derived
water vapour over Kanpur, Hyderabad and Bangalore has been studied by Prasad and Singh
(2009). Spatial variability of water vapour over
Varanasi for 2007–2008 and correlation between
MODIS-derived water vapour and GPS-derived
water vapour have been studied (Kumar et al.
2013). European centre for medium-range weather
forecasts (ECMWF) is playing important role to
contribute in global forecasting and are regularly
used by regional specialized meteorological centers
(RSMCs) as well as commercial enterprises (Magnusson et al. 2019). PWV derived from crustal
movement observation network of China (CMONOC) and PWV derived from ECMWF are found
to be tuned; on the other hand, GPS-derived PWV
underestimate the ECMWF-derived PWV over
mainland China (Zhao et al. 2019). Comparison of
water vapour using balloon-borne measurement
and ECMWF data over Asian summer monsoon
anticyclone (Brunamonti et al. 2019), comparison
of PBL heights using Cloud–Aerosol Lidar and
Infrared
PathBnder
Satellite
Observation
(CALPSO) and ECMWF over China (Liu et al.
2015) has been reported and for storm prediction,
wind data from ECMWF and National Centers for
Environmental Prediction (NCEP) reanalysis is
used. Thus, a long term simultaneous analysis of
the accuracy of ECMWF-derived water vapour
and their validation with GPS-derived water
vapour is lacking mainly in the Indo-Gangatic
basin (IGB).
Validation of water vapour from ECMWF with
high accurate GPS-water vapour at different
regions gives information about its accuracy and
gives direction for its further implications. The
validation of ECMWF-derived water vapour at
Varanasi, which is situated in the heart of IndoGangetic basin, is not studied before. Therefore,
in this paper an attempt is made to validate
ECMWF-water vapour along with MODIS-water
vapour with GPS-derived water vapour at
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Varanasi during the period of 4 years from 2007 to
2010. The statistical parameters: correlation,
standard deviation, AE and root mean square error
(RMSE) giving information about accuracy of
ECMWF and MODIS has also been analyzed. This
analysis will be helpful in future for weather prediction, onset of monsoon and radiative forcing as
well. Data used in this study is given in section 2,
results and discussion in section 3, and conclusion
in section 4.

2. Data analysis

where



1
6 K3
þ K2 Rv q :
K ¼ 10
Tm

ð3Þ

Rv is gas constant for the water vapour, Tm is the
weighted mean temperature of the atmosphere and
q is the density of water (Davis et al. 1985).
Therefore, from this information we can say that
accuracy in measurement of water vapour using
GPS depends on surface measurement such as,
surface temperature and pressure (Bevis et al.
1992). GPS-water vapour with interval of 1 h is
estimated using the above equations (1–3).

2.1 Water vapour data using GPS
2.2 MODIS Terra
We have derived water vapour data from GPS
established at Banaras Hindu University, Varanasi, India. This GPS uses satellite signals of
frequency 1–3 GHz. When satellite signal travels
from space to GPS receiver, it is delayed by troposphere and ionosphere. Normally, delay due to
ionosphere is removed using the Klobuchar model
(Hofmann-Wellenhof et al. 1992; Setti Junior et al.
2019). After removing ionospheric delay (Hofmann-Wellenhof et al. 1992; Misra and Enge 2001),
the delay is only due to troposphere and the total
path delay is given by Bevis et al. (1992):
DL ¼ DLzh Mh ðhÞ þ DLzw Mw ðhÞ;

ð1Þ

where Brst term stands for zenith hydrostatic delay
(DLzh ) (ZHD), second term stands for zenith wet
delay (DLzw ), h is satellite elevation angle, Mh(h) is
hydrostatic mapping function and Mw(h) is wet
mapping function. Zenith wet delay can be
calculated by taking the difference between zenith
total delay and zenith hydrostatic delay. The
zenith wet delay (ZWD) is also modelled by
(Davis 2001; Davis et al. 1985)
 Z  
Z   
Pv
Pv
6
dz ;
dz þ K3
ZWD ¼ 10 K2
T
T2
ð2Þ
where Pv is partial pressure of water vapour (in
mb), T is atmospheric temperature (°K), K2
(= 12.96 K mb1) and K3 (= 3.718 9 105 K2
mb1) are constants. The integration is taken
from the antenna height (Zant) to the top of the
neutral atmosphere (TOA). Precipitable water
vapour (in mm) is given by the formula:
PWV ¼ K  ZWD;

The MODIS is a payload scientiBc instrument built
by Santa Barbara Remote Sensing that was launched into the Earth’s orbit by NASA in 1999
onboard the Terra (EOS) satellite. It covers the
entire Earth every 1–2 days. It passes the Indian
region at IST about 10:30 am (Terra) and about
01:30 pm (Aqua). MODIS covers large spectral
range varying from 0.4 to 14.4 lm (36 channels).
The channels between 0.4 and 2.1 lm are important
for studying aerosol properties and Bve other
channels near infrared (0.865, 0.905, 0.936, 0.940
and 1.24 lm) are important for remote sensing to
water vapour (King et al. 1992). Various methods
are used for the data retrieval from MODIS over
land (Kaufman et al. 1997) and over oceans (Tanre
et al. 1997). To improve the accuracy and quality of
retrieved data, the MODIS algorithms are updated
from time to time (Remer et al. 2005; Levy et al.
2007). Details about instrumentations, algorithms
and error estimations are described by Kaufman
and Tanr
e (1998) and updates are discussed by
Remer et al. (2005). In the present study, MODIS
Terra collection 6.1 (MOD08˙D3, http://modisatmos.gsfc.nasa.gov/) daily global gridded products of spatial resolution of 1° 9 1° have been used.
Since MODIS passes at Varanasi around 10:30 IST,
therefore to validate MODIS, mean GPS water
vapour was estimated around 09:00–12:00 IST for
further analysis.
2.3 ECMWF reanalysis
ECMWF is a global atmospheric reanalysis dataset, being used from 1979 and continuing in real
time. ECMWF Interim Re-Analysis (ERAInterim) systems discern lot of information into
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weather prediction models. ECMWF provides
meteorological parameters as well as global climatology for perceptible water vapour (PWV), which
plays significant role to understand the cloud–
aerosol interaction. ECMWF provides PWV at
6-hourly intervals (00:00 UTC, 06:00 UTC, 12:00
UTC and 18:00 UTC) having spatial resolution
from 0.125° 9 0.125° to 3° 9 3°. In this study,
PWV at 6:00 UTC with resolution 0.125° 9 0.125°
is used to compare with that derived from GPS.
ERA-Interim data can be downloaded from the
ECMWF Data Server at http://data.ecmwf.int/
data. MODIS and ECMWF-derived water vapour
have been validated with GPS-derived water
vapour using some statistical parameters like correlation coefBcient, AE and root mean square error
(RMSE). In this paper, water vapour from
ECMWF at 06:00 UTC (= 11:30 IST) over Varanasi were considered to validate with mean water
vapour from GPS (09:00–12:00 IST).
AE between two datasets can be calculated by
using following formula (Bibi et al. 2015):
AE ¼

N
1X
ðxi  yi Þ;
N i¼1

ð4Þ

where N is the number of data points, xi denotes
predicted value of water vapour (derived from
MODIS and ECMWF) and yi denotes the observed
value of water vapour (derived from GPS),
respectively. With the help of AE, we can easily

understand which retrieval underestimate or
overestimate the other. It may be positive,
negative or zero. Like standard deviation, RMSE
also gives information about spread between two
datasets which can be calculated by using following
formula (Bibi et al. 2015):
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N
u1 X
ðxi  yi Þ2 :
ð5Þ
RMSE ¼ t
N i¼1
3. Results and discussion
The day-to-day variations of GPS-water vapour
and its comparison with MODIS and ECMWF
retrievals, respectively, during 2007–2010 over
Varanasi is shown in Bgure 1(a and b). As seen
from the Bgure, water vapour shows sudden
enhancement during pre-monsoon season for each
year which is an indicator of the monsoon onset.
Generally, gradual increase in water vapour column is expected during April–June months. The
increase is caused by the increase of ground temperature which enhances the process of evaporation
and hence the water vapour in the atmosphere. In
addition, the number of dust storms which originate from the Arabian peninsula and western arid
and desert regions can aAect the air quality of the
IG plains during pre-monsoon period (April–June)
(Kumar et al. 2013). An enhancement of water
vapour is noticed during dust storms; these dust

Figure 1. Day-to-day variation of water vapour derived from MODIS, GPS and ECMWF over Varanasi.
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storms generally traverse through the Arabian Sea
and transport water vapour along with dust over
the IG plains and hence aAect the content of water
vapour over the IG plains (Prasad and Singh 2007;
Kumar et al. 2015; Tiwari et al. 2019). From the
Bgure, it is noticed that accuracy of ECMWF
retrieval is better than the MODIS retrieval
throughout the period 2007–2010.
In previous studies, higher correlation [0.90
between GPS and MODIS water vapour were
reported (Li et al. 2003; Prasad and Singh 2009).
Their results indicated that MODIS water vapour
underestimates the GPS measurements. In contrast to this, Liu et al. (2005) reported underestimation of MODIS water vapour in comparison to
GPS along with a systematic variation of AE with
RMSE of 3.48 mm over Tibetan Plateau regions.
Figure 2(a) shows the comparative variation of
MODIS–GPS water vapour datasets. From the
Bgure, the correlation between GPS and MODIS is
found to be 86% with slope [1 (=1.1) indicating
a close relationship between two datasets where
MODIS underestimates the GPS measurements. In
contrast to our result, Ningombam et al. (2016)
analyzed correlation between GPS and MODIS
water vapour over trans-Himalayan region during
the period 2005–2012. They showed that MODIS
water vapour was found to be underestimated by
GPS with slope \1 (0.79–0.90). Figure 2(b) shows
the comparative variation of ECMWF–GPS datasets. From Bgure 2(b), 86% correlation between
GPS and ECMWF-derived water vapour with slope
\1 (=0.89) is found, which suggests that GPS
underestimate ECMWF.
The correlations between two datasets (R2) were
found to vary with season (Prasad and Singh 2009).
So in order to study the inCuence of season on
correlation between two datasets, an year is
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categorized into four seasons. In general, April–June
are hottest months (summer), July–October are
rainy months (monsoon), November–February are
coldest months (winter) and transition month
March is considered as spring season (Prasad and
Singh 2009). It can be seen from the Bgure that R2 in
spring (Bgure 3a), summer (Bgure 3b), monsoon
(Bgure 3c) and winter (Bgure 3d) is 0.28, 0.71, 0.79,
and 0.73, respectively. R2 values between GPSderived water vapour and MODIS water vapour
were found to be relatively higher in monsoon and
winter season as compared to spring and summer
season. Since Indo-Gangetic basin frequently experiences severe dust storm during the months of
March–June (Pandithurai et al. 2008; Tiwari et al.
2019) which also aAect the pattern of water vapour
and may play an important role in the accuracy of
GPS as well as MODIS-derived water vapour. In
contrast, Prasad and Singh (2009) reported significant correlation during summer (0.70), spring
(0.85), winter (0.85) and monsoon (0.89). A study
based on ECMWF-derived water vapour data is
compared with GNSS-derived ZWD over China and
RMSE between GNSS-derived ZWD and ECMWF
data is found to be 19.1 mm (Zhao et al. 2019).
Comparison of water vapour in Asian summer
monsoon anticyclone using Balloon-borne measurement and ECMWF data have been done and
AE between them is found to be 14–30% (Brunamonti et al. 2019). In Bgure 4, seasonal correlation
between ECMWF-derived water vapour and GPSderived water vapour is calculated and R2 values in
spring (Bgure 4a), summer (Bgure 4b), monsoon
(Bgure 4c) and winter (Bgure 4d) is found to be 23,
68, 81 and 76%, respectively. Insignificant correlation during spring season may be due to the dusty
environment which may aAect the water vapour
measurements.

Figure 2. Annual correlation between MODIS–GPS and ECMWF–GPS water vapour along with 1:1 line.
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Figure 3. Seasonal correlation between MODIS and GPS water vapour along with 1:1 line.

Figure 4. Seasonal correlation between ECMWF and GPS water vapour along with 1:1 line.

Standard deviation is one of the important
statistical quantities which help us to understand
the spread in the data from average level. Annual

and seasonal standard deviation in GPS-derived
water vapour, MODIS water vapour and ECMWF
water vapour is calculated (table 2). Water vapour
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Figure 5. Annual as well as seasonal variation of bias between MODIS and GPS water vapour.
Table 1. Standard deviation (SD) of water vapour retrieval for
ground based measurement (GPS), ECMWF reanalysis and
satellite based measurement.
Standard deviation (mm)

Annual
Spring
Summer
Monsoon
Winter

GPS

MODIS

ECMWF

9.27
6.12
9.06
13.4
6.72

9.19
6.14
11.4
10.3
7.42

7.32
5.85
9.06
6.95
6.79

data derived by GPS is aAected by seasons and it is
found that standard deviations in spring, summer,
monsoon and winter are 6.1, 9.1, 13, and 6.7 mm,
respectively. These results show that water vapour
is Cuctuating significantly in moving from one to
other season with larger value during summer and
monsoon. Annual standard deviation (SD) in
MODIS-derived water vapour data is found to be
9.2 mm. SD in spring, summer, monsoon and
winter is found to be 6.1, 11, 10 and 7.4 mm,
respectively. It is clear that SD in MODIS-derived
water vapour is more than that of SD in GPSderived water vapour (Prasad and Singh 2009), it
may be due to Cuctuation in weather and also
MODIS-derived water vapour is satellite based
measurement that may be the other reason.
ECMWF ERA-I is reanalysis data and it is also
aAected by change in seasons. Hence, relatively
higher deviation in summer and monsoon were also

found for ECMWF, similar to that of GPS and
MODIS. Where, annual SD in ECMWF is reported
as 7.3 mm and in different seasons (spring, summer, monsoon and winter) it is found to be 5.8, 9.1,
6.9 and 6.8 mm, respectively.
Figure 5 shows annual and seasonal variations
of absolute error (AE) between MODIS–GPS
(Bgure 5a) and ECMWF–GPS (Bgure 5b). Annual
AE for MODIS–GPS is found to be 7.0 mm and in
spring, summer, monsoon and winter its is found to
be 2.9, 6.8, 11, and 5.1 mm, respectively (table 1).
In contrast with this, low annual AE for
ECMWF–GPS of *2.4 mm is observed. Seasonal
AE for ECMWF–GPS is also calculated, which is
found to be 3.3, 4.4, 1.5, and 1.4 mm in spring,
summer, monsoon and winter, respectively
(table 2). AE, calculated for MODIS–GPS, is
found to be maximum in monsoon as compared to
other seasons, whereas for ECMWF–GPS, it is
found to be minimum in monsoon as well as winter
season with respect to others. In all seasons, AE for
MODIS–GPS and ECMWF–GPS were found to be
positive which shows that GPS is always found
to be underestimating by MODIS and ECMWF,
respectively.
Sometimes AE goes to zero even if there is
spread in datasets, then computation of RMSE
is required. In Bgure 6, the annual and seasonal
variation of RMSE between MODIS–GPS (Bgure
6a) and ECMWF–GPS (Bgure 6b) is shown.
Annual RMSE between MODIS–GPS is found
to be 9.5 mm. RMSE during spring, summer,
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Table 2. Statistics of water vapour retrieval for ground based measurement (GPS), ECMWF reanalysis and satellite based
measurement.
Correlation (%)

Annual
Spring
Summer
Monsoon
Winter

Bias (mm)

RMSE (mm)

(MODIS–GPS)

(ECMWF–GPS)

(MODIS–GPS)

(ECMWF–GPS)

(MODIS–GPS)

(ECMWF–GPS)

85.8
27.9
70.9
78.6
73.0

86.1
23.0
67.8
81.2
76.0

7.03
2.91
6.76
10.6
5.06

2.35
3.32
4.42
1.52
1.35

9.53
5.95
10.3
13.4
6.39

6.09
5.96
8.87
6.70
3.57

Figure 6. Annual as well as seasonal variation of RMSE between ECMWF and GPS water vapour.

monsoon and winter are found to be 5.9, 10, 13, and
6.4 mm, respectively (table 1). Similarly, annual
RMSE between ECMWF–GPS is found to be
6.1 mm. RMSE during spring, summer, monsoon
and winter are found to be 5.9, 8.8, 6.7, and
3.6 mm, respectively (table 1). The RMSE is found
relatively high during summer and monsoon seasons as compared to others. In spite of this, it can
be noticed that AEs as well as RMSEs for
ECMWF–GPS datasets is found relatively smaller
as compared to MODIS–GPS. Bock et al. (2005)
analyzed GPS-water vapour over 21 GPS stations
and compared it to that from the ECMWF. They
have shown that AE in ECMWF prediction varied
from –4 to 0. This indicates lower estimation of
water vapour by the ECMWF as compared to
GPS. In contrast to this, the observed annual and
seasonal AE in present study showed overprediction of water vapour by ECMWF (Bgure 6). In

present analysis, data with 0.125° 9 0.125° resolutions has been taken into account. Moreover,
spatial resolution considered aAects the accuracy of
water vapour from ECMWF (Zhao et al. 2019).
Chen et al. (2011) have shown that root mean
square deviation (RMSD) in ECMWF as compared
to GPS reduces by 4.5 mm when resolution is
changed from 2.5° 9 2.5° to 0.5° 9 0.5°.
In the present study, statistical parameters
measuring the performance of MODIS and
ECMWF over Varanasi, India have been reported
during 2007–2010. A good annual correlation
between MODIS and GPS water vapour is found to
be 0.94. Kumar et al. (2013) reported good correlation between MODIS and GPS water vapour
over Indo-Gangetic Basin (Varanasi and Kanpur)
to be 0.98 and 0.94, respectively. Recently,
Vaquero-Martınez et al. (2017) performed validation of MODIS integrated water vapour (IWV)
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with GPS during 2007–2012 in the Iberian peninsula. Although, they found good agreement
between MODIS and GPS, some dependences have
been noticed. IWV dependence is especially
important for very low IWV values, where the
agreement between MODIS and GPS is not good.
MODIS strongly overestimates GPS-IWV (pseudomedian *40%) less than 5 mm with a high
variability (IQR around 60%). Moreover, overestimation and variability quickly decrease as IWV
increases. All the statistical parameters like correlation coefBcients, standard deviation, AE and root
mean square errors used in discussion can be seen
from tables 1 and 2. Overall validation of ECMWF
prediction with ground-based GPS-measurements
show better accuracy of ECMWF than that of
MODIS. In addition to this, ECMWF estimates
have global coverage with high temporal and
spatial resolution. Therefore, ECMWF may
have future application in meteorological data
simulation and climate modelling.

those from MODIS–GPS (either for annual or
seasonal). Although, accuracy of ECMWF and
MODIS retrieval both are sensitive to seasons, the
performance of ECMWF is better than that of
MODIS.
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