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Abstract

A priori estimation of delays with error variance of atmospheric radio wave propagation is important for precise position estimation
and integrity of the system like Global Positioning System (GPS). Tropospheric effects are less severe than the ionospheric counterpart,
but behave in a complex manner, making it difficult to isolate them. In this present paper, a ground based radiometer has been utilized to
study the characteristics of tropospheric delay and compared it with the MODIS satellite observations over Kolkata (22.57°N, 88.37°E).
Results indicate a good agreement between radiometer and MODIS data except the monsoon months. A climatology of spatial and
temporal variation of dry and wet tropospheric delay over the Indian subcontinent have also been estimated using MODIS data and
NCEP-NCAR reanalysis data for 2008-2012. The spatial variations of dry delay over Indian region are observed to be in the range
of 120-250 cm with limited seasonal variability. However, the wet delay varies from 20 cm in winter months to 45 cm during monsoon
period in the coastal and central Indian region. Further analysis reveals that the contribution of wet delays in total delay is significant
only along the Indo-Gangetic plain. This indicates that extra precaution is needed in handling tropospheric delay for this region due to
fast varying nature of water vapor.
© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The accuracy and integrity of precise point positioning
(PPP) applications using GPS/GNSS depend primarily
on propagation effects. The major source of uncertainty
in GNSS is due to propagation effects on signals through
the Earth’s atmosphere (Pratt et al., 2003; Parkinson
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et al., 1996). Ionosphere is the main source of the signal
delay which can be handled using a dual frequency recei-
ver. The remaining delay is mainly due to dry and wet com-
ponent of the troposphere. The tropospheric dry delay is
relatively stable for a particular temperature and pressure
(Luo et al., 2013), but, the wet component is a highly vari-
able quantity both in space and time (Brunner and Welsh,
1993).

The tropospheric delay becomes an important issue for
PPP of the aircraft on the runway using GPS/GNSS during
landing under severe weather conditions which requires an
accuracy of less than 10cm in real time. Tropospheric
delay of the order of few decimeters can occur when the
altitude difference between the aircraft and the reference
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station is about 0.5 km (Boon et al., 1997). Moreover,
Very-Long-Baseline Interferometry (VLBI) is also very
sensitive to this type of tropospheric delay (Pacione et al.,
2002; Teke et al., 2013) since the multiple radio-telescope
situated far away are used in this technique. Further,
Interferometric Synthetic Aperture Radar (InSAR) used
for generating images of surface deformation and elevation
is also affected by the random variations of tropospheric
delay (Xu et al.,, 2011; Massonnet et al., 1994; Rosen
et al., 2000). The accuracy of measurements with InSAR
images decreases up to 32% without using tropospheric
correction (Xu et al., 2006). It is reported that a 20%
change in humidity, which is the major source of tropo-
spheric delay, may produce an error of 10cm in the
deformed products (Zebker et al., 1997).

To address this issue, externally estimated tropospheric
delay using meteorological data or NWP are used
(Cucurull et al., 2002; Tregoning and Herring, 2006).
Accurate measurements of tropospheric parameters can
also be made in differential mode for small baseline systems
using either code or carrier base techniques. However,
owing to the highly variable nature of tropospheric water
vapor, it is very difficult to estimate the wet delay accu-
rately due to the altitude difference (Kaplan and Hegarty,
2006) of the stations and from long baseline measurements
(Blewitt, 1989). Further, carrier phase technique, which
provides higher accuracy in PPP applications than the code
based technique, is susceptible to integer ambiguity prob-
lems. The high variability of tropospheric water vapor
can be a serious challenge in the case of integer ambiguity
resolution of carrier phase data (Treuhaft and Lanyi, 1987;
Blewitt, 1989; Bertiger et al., 2010; Zhang and Lachapelle,
2001). The correct estimation of ZWD values from the
GPS data is also difficult due to multipath effects of low ele-
vation satellite (Chen and Liu, 2014) and also due to use of
various mapping functions, mostly developed using ray
tracing of radiosonde data (Niell, 1996, 2001) and numeri-
cal weather prediction models or ECMWF data (Boehm
and Schuh, 2004; Boehm et al., 2006).

There are several models and data products are cur-
rently available which deals with the tropospheric delay.
The most notable of these data products on tropospheric
delay is an IDS data product measured using GPS and
GNSS post-processing at IGS stations (Byun and
Bar-Sever, 2009; Dow et al., 2009). However, the applica-
bility of such data products is limited since very few 1GS
stations are available, particularly over oceans and some
part of the globe. Another important data set concerning
the wet delay has been developed using DORIS technique
(Bock et al., 2014).

The variability of PWV over Indian regions are directly
related to the various factors including sea surface temper-
ature of the Bay of Bengal and Arabian sea, land surface
temperature over central India, monsoon rain and cyclonic
activities (Singh et al., 2004). It was also reported that the
PWYV is highly variable in the Indo-Gangetic plain (Kumar
et al., 2013). It is thus important to identify the regions

which will be most affected by wet tropospheric delay vari-
ations. In this paper, the variability of zenith tropospheric
delay (ZTD), precipitable water vapor as well as tropo-
spheric wet delay is studied over the location of Kolkata
using a ground based radiometer and MODIS satellite
observations. The study is then extended to cover the whole
Indian region with long term MODIS observation (2008—
2012) to identify the regions where serious errors in PPP
applications can occur due to ZWD variability.

2. Data and methodology

A microwave radiometer (RPG-HATPRO) located at
the Institute of Radio Physics and Electronics, University
of Calcutta (22.57°N, 88.37°E), has been operated for
ground based measurements. The radiometer measures
the brightness temperature in real time basis with an accu-
racy of 0.5 K at 14 different frequencies in two frequency
bands (22-31 GHz and 51-58 GHz). The radiometer gener-
ates /W1 values using a quadratic regression method from
brightness temperature at 22-31 GHz band with a time res-
olution of 3 s (Rose and Walber, 2010). Chakraborty et al.
(2014) compared the same radiometer derived temperature
and relative humidity profiles against the radiosonde obser-
vations which indicate a reasonably good performance of
the instrument during the measurement period.

The ground meteorological data are collected using
Paroscientific MET3A instrument at Kolkata. The pressure
accuracy of this instrument is +0.08 hPa in the range of
620-1100 hPa, along with the temperature accuracy of
+0.1 °C in the range of —50 °C to +60 °C.

In addition to radiometer data and meteorological data
we have also used a ground based disdrometer for the
observation of rain events during 2012-2014 in Kolkata.
The disdrometer (Disdromet RD-80), is a Joss type drop
size counter which has been used to obtain rain rate at
the location. The dependency of water vapor on rainfall
and temperature is also studied over Kolkata.

For the location of Kolkata, we have used local
radiometer and meteorological data to estimate ZWD
and ZHD during the year of 2012-2014. For rest of the
Indian regions, temperature and pressure data are obtained
from NCEP/NCAR reanalysis data product and IWV
from MODIS instrument.

MODIS is the key instrument which is attached to the
AQUA and TERRA satellite. This instrument can record
data in 36 spectral bands ranging in wavelength from
0.4 um to 144 pum and at various spatial resolutions.
Several parameters like temperature of oceans and land,
aerosol, water vapor content, cloud altitude in the lower
atmosphere are obtained using these frequencies. We have
used level-3 integrated water vapor (/W) data obtained
with AQUA satellite during the period 2008-2012
(http://modis-atmos.gsfc.nasa.gov) derived from the near
infrared channels. The daily average values of the IWV
obtained from  Moderate  Resolution  Imaging
Spectroradiometer (MODIS) and the radiometer are
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Fig. 1. Comparison of IWV data obtained from MODIS and radiometer for the year of (a) 2012, (b) 2013, (c) 2014.

compared for the period 2012-2014 over Kolkata. The grid-
ded IWV data from MODIS on a daily basis for 2008-2012
have also been used and ZWD is calculated for each grid
over Indian region.

The ZWD can be estimated from /W1 using the follow-
ing relation (Choy et al., 2013; Kumar et al., 2013),

ZWD = (IWV /p) x K (1)

where p is the density of the water kg/m? and K is a dimen-
sionless quantity given by

k
K106(T3+k'2> p-Ry (2)

where Ry is the water vapor gas constant, 7,, is weighed
temperature of the atmosphere and, k» and k5 are
constants.

ZHD for the same duration is also estimated from grid-
ded NCEP-NCAR data. The NCEP-NCAR reanalysis
dataset which is a combined product from National
Centre for Environmental Prediction (NCEP) and the
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Fig. 2. Correlation of IWV data obtained from MODIS and radiometer
for the year of (a) 2012, (b) 2013, (c) 2014.

National Centre for Atmospheric Research (NCAR) is uti-
lized for temperature and pressure measurement over
2.5° x 2.5° grids for the period 2008-2012. It was reported
that temperature and barometric measurements for low
altitude stations show a good agreement with that provided
in NCEP/NCAR data (Quinn and Herring, 1996).
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Fig. 3. Variation of ground observed rainfall with IWV over Kolkata for
years (a) 2012, (b) 2013, (c) 2014.

The hydrostatic delay which is a major contributor of
total GPS signal delay in the troposphere can be estimated
using various models. For the present study, we have used
Hopfield model (Das et al., 2014). According to this model
ZHD can be expressed as,

P
ZHD = 1.552(h — H) (3)

where i = 40.082 + 0.14898(T — 273.16), H is the height of
station above sea level (km), T is the surface temperature
(K) and P is surface pressure (hPa).

To identify the regions which are most susceptible to
tropospheric delay variation, contribution of ZWD in the
total tropospheric delay is estimated over India for differ-
ent months and, the range and the standard deviation of
ZWD for each grid were estimated.
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Fig. 4. Variation of surface temperature with IWV over Kolkata for years
(a) 2012, (b) 2013, (c) 2014.

3. Results and discussions

Since measured tropospheric delay data over Indian
region are sparse, satellite based measurements of water
vapor are used to estimate the tropospheric delay and its
variability over Indian region. The satellite observations
such as Terra-MODIS, SSM/I, AIRS etc. are previously
used by various researchers for water vapor study over
the Indian region (Prasad et al., 2009; Singh et al., 2010;
Kumar et al., 2013) which are in good agreement with
ground observations. In the present study, we use the
Aqua-MODIS data.

3.1. Comparison of MODIS and ground based radiometer
data

The clear-sky IWV data from AQUA-MODIS is com-
pared to the IWV data of radiometer obtained at
Kolkata during the year 2012-2014 as shown in Fig. 1. A
good matching between these two sets of data can be seen
from the Fig. 1(a—c), except for the days ranging from
~150 to ~250 of the year. This period actually represents
the rainy season during which radiometer measurements
are less accurate. Thus the comparison between the
MODIS and ground radiometer is only meaningful in
non-rainy period, which indicates satisfactory performance
of MODIS over this region.

In Fig. 2(a—c), the scatter plot between the daily IWV
values obtained from the local radiometer and MODIS is
shown for the Kolkata region during 2012-2014. The fig-
ures also indicate a good correlation between the two
instruments for all three years with correlation coefficient
values of ~0.9.

3.2. Variability of water vapor with rainfall and temperature
for Kolkata region

IWYV is dependent on surface temperature and rainfall
(Bretherton et al., 2004). In Fig. 3, the variation of IWV
and rainfall for the Kolkata region during 2012-2014 is
shown.

Since rainfall over Indian region is mostly governed by
monsoon circulation, we calculated the correlation values
between the daily /W values and the amount of rainfall
during the year 2012-2014 on a seasonal basis. The value
of correlation coefficient is found to be ~0.5 during pre-
monsoon (March-May) and ~0.45 during monsoon
(June-September) and postmonsoon (October—January)
period.

In Fig. 4, the variation of IWV with temperature is
shown for the Kolkata region during 2012-14.

During years 2012-2014, correlation coefficient values
are observed to be in the range 0.4-0.6 during the premon-
soon period, whereas higher values of correlation coeffi-
cient around ~0.65 are obtained during the post
monsoon period. However, during monsoon season, values
of correlation coefficient are obtained in the range of —0.5
to —0.8, indicating that an increase of IWV causes more
rainfall cooling down the ground temperature.

3.3. Seasonal behavior of ZHD and ZWD over Kolkata

In Fig. 5, the seasonal behavior of ZHD and ZWD are
shown for Kolkata during the year 2012-2014. The ZHD is
estimated from the ground temperature and pressure data
from NCEP-NCAR reanalysis data. Similarly the values
of ZWD are estimated from the /W) data provided by
MODIS. The monthly average value of ZHD and ZWD
show that the variation of ZHD is small, ranging from
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Fig. 7. Contour plot of ZHD at various latitude and longitude over the
whole Indian region (averaged for 2008-2012).

September 2012, as the radiometer does not yield accurate
data under rainy conditions (Das et al., 2014).

3.4. Variability of tropospheric delay over India

3.4.1. Variations of ZHD

To check whether the seasonal variations of ZHD are
significant over Indian region, mean ZHD is estimated
for each grid on a monthly basis for the year 2008-2012.
Fig. 7 shows the average value of ZHD during the month
of January for the years 2008-2012. A similar pattern is
obtained for the other months of 2008-2012, though not
shown here as the seasonal variations of ZHD is insignifi-
cant over Indian region. It is to be noted that the maximum
seasonal changes of temperature of about 45K are
observed in the northern part of India, whereas for the rest
part of Indian region, the seasonal temperature change is
within 25 K. Also, the seasonal variations of pressure are
within 20 mbar in this region. As a result, the whole
Indian region does not experience much seasonal variation
of ZHD values. Fig. 7 also shows that ZHD values may
differ from one region to another. The contour plot in
the diagram shows that the maximum average value of
ZHD reached up to 250 cm over southern India. The
coastal part of western, eastern and southern India shows
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the values of ZHD ranging from 220 cm to 250 cm due to
higher temperature and pressure compared to the rest part.
The amount of ZHD in the central Indian region is inter-
mediate between 200 cm and 220 cm, whereas, it ranges
from 160 cm to 200 cm in the transitional plains covering
the Middle Gangetic Plain.

Northern part of India apparently suffers less dry delay
ranging from 120 to 150 cm. A large portion of North and
North-Eastern region is situated on the Himalayan moun-
tain range where the pressure and temperature are low
which is rather an extreme weather condition. However,
in Fig. 7, an overall low value of ZHD has been obtained
for these regions obtained from NCEP/NCAR data which
has less accuracy in high altitude locations (Quinn and
Herring, 1996).

3.4.2. Variations of ZWD

The variation of ZWD on a monthly basis in the Indian
region is shown in Fig. 8. The monthly mean value of IW}V
data as obtained from MODIS are converted into ZWD
values using the previously mentioned Egs. (1)-(3)and are
depicted in Fig. 8 in the form of contours.

|
25

35

Fig. 8. Contour plots of ZWD during different months over the whole Indian region (averaged for 2008-2012).

30 40 45 (cm)

The value of ZWD depends much on the capacity of the
atmosphere to hold water vapor (without precipitating) as
well as the supply of water vapor which is highly dependent
on the surface temperature and rainfall.

Indian monsoon is categorized into two types. The
South-west monsoon, which produces large amounts of
rainfall in the Indian subcontinent during June—
September blows from the southwest during the warmer
months, while, the north-east monsoon reverses its direc-
tion to blow from the north-east during the cooler months
of the year causing rainfall mostly over the east coast of the
southern peninsula (Gadgil, 2003).

Fig. 8 indicates that in the south coastal region, the min-
imum value of ZWD is 20 cm, whereas for the high altitude
Himalayan and Tibetan region (i.e., Srinagar, Shimla,
Sikkim), the value of ZWD seldom increases above
15 cm. In the undulated terrain like the Himalayan sites
or Tibetan plateau, amount of ZWD is significantly small
throughout the year, the maximum value being 10-12 cm.
This is due to lack of rainfall in those regions which is
not noticed for the other Indian regions. The monthly
mean values of ZWD vary in the range of 25-45cm in
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the coastal region and the southern part of India. But, the
variation becomes 15-35cm for the central portion of
India during the year. The value of mean ZWD also varies
from 10 cm to 25 cm in dry season and 20-35cm in the
humid condition of the Eastern part. This difference in
the monthly variation of ZWD at these stations is mainly
caused by the large variability in atmospheric water vapor
content.

During the months of December—February (winter sea-
son) ZWD is relatively lower over the whole Indian region.
But, as we approach the Indian summer monsoon season,
ZWD increases with the arrival of water vapor. During
the months of May-June, ZWD shows a higher value in
the coastal part compared to inland parts of India because
of the supply of water vapor from the sea. In the monsoon
months (i.e. June, July, August), water vapor is spread out
in the whole eastern, central, western and southern portion
of India due to favorable wind condition and ZWD conse-
quently increases reaching up to 40-45cm. In the post
monsoon months, the value of ZWD gradually decreases
in the eastern, central and western India.

The monthly variation of ZWD is small for the tropical
coastal station compared to the other stations of the

central, eastern and western India. It is also noticeable, that
in the southern coastal part of India, the value of ZWD is
quite moderate and consistent (ranging from 25cm to
35 cm) during the whole year. This can be explained in
terms of the higher water vapor content in those regions
which is due to the presence of by southwest and northeast
monsoon and comparatively high temperature throughout
the year. Not only that, in the winter period the absolute
values of ZWD of the southern coastal stations are higher
than the other inland stations of India as the temperature is
much higher of these regions than that of the higher
latitude station during the whole year. As a result, the
atmosphere can hold relatively more water vapor in the
coastal area, and southern part of India (Singh et al.,
2010). For the same reason, the value of ZWD of the whole
Indian region is higher during July and August as the air
temperature is high at that period.

3.5. Contribution of ZWD variation in total tropospheric
delay

The contribution of ZWD to the total tropospheric
delay is depicted in Fig. 9. In the winter season, the
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Fig. 10. Contour plot of (a) range of ZWD and (b) standard deviation of
ZWD at various latitude and longitude over the whole Indian region
(averaged for 2008-2012).

proportion of ZWD in the total tropospheric delay reaches
up to a maximum value of 11% only and increases to 22%
in the monsoon period. The contribution of ZWD to the
total tropospheric delay in the Himalayan and terrain part
of India shows a small variation throughout the whole
year. It has been noticed that in the rainy season, contribu-
tion of ZWD to the total tropospheric delay is large in the
central east India and central west India compared to the
other location. In the coastal Indian zone and southern
India, ZWD contributes moderately throughout the whole
year (ranging from 5% to 10%).

To understand the significance of this variation, the
range (i.e. the difference between maximum and minimum
value of ZWD) and the standard deviation of the ZWD for
each grid are shown in Fig. 10. It can be seen from
Fig. 10(a and b), that the significant variability of ZWD
is observed only in the region from latitude of 20°N to
25°N and longitude of 70°E to 90°E. However, the stan-
dard deviation indicates that, the significant variability is

mainly concentrated in the region from latitude of 20°N
to 25°N and longitude of 77°E to 87°E. The reason behind
such observation is that although the seasonal variation is
large over the longitude of 70°E to 90°E but, the fluctua-
tions of ZWD are concentrated mainly in the longitude
of 77°E to 87°E due to high occurrence of random weather
phenomena. More precisely the greater standard deviation
of ZWD is observed along the Indo-Gangetic plain. On the
other hand, the Southern peninsular region has high ZWD
value during monsoon and post monsoon months, though
the variation is relatively less. Singh et al. (2010) also
reported similar observation of total PWV using SSM/I
data. Since, the precise positioning applications, requires
a priori information of ZWD, any sudden fluctuation of
water vapor content can induce significant error. Our anal-
ysis shows that the error due to ZWD variation can be sig-
nificantly high over the region covered by the latitude range
from 20°N to 25°N and the longitude range from 77°E to
87°E and not over the entire Indian subcontinent.

4. Conclusion

The tropospheric delay introduces sensitive errors in the
case of precise positioning applications including aircraft
landing. It is also an important issue in InSAR data pro-
cessing and VLBI measurements. The water vapor variabil-
ity is the major source of uncertainty in total tropospheric
delay. A study of the seasonal and spatial variability of
ZWD and ZHD over the Indian region has been presented
using NCEP-NCAR reanalysis data set and MODIS
observations. A climatological study on the relationship
among water vapor, rainfall and temperature over the loca-
tion of Kolkata has also been made.

The wet tropospheric delay (ZWD) exhibits a seasonal
variation, whereas the dry tropospheric delay (ZHD) does
not show such seasonal trend. The total delay is higher in
the monsoon months in comparison to winter time due to
this seasonal effect of ZWD. It is also observed that the spa-
tial variability of ZHD over Indian region varies from
120 cm at Northern Indian region to 250 cm at the south
and central east part of India. The wet delay varies in the
Indian region between 5cm and 45 cm depending upon
season and location. The contribution of ZWD in total
tropospheric delay is highest during the monsoon months
(June-September) for the Indo-Gangetic plain, central, east
and southern coastal part of India. However, the temporal
variability is most prominent only in the Indo-Gangetic
plain, the region between 20°N to 25°N and longitude of
77°E to 87°E. The result indicates that these regions are
more vulnerable to positioning error due to sudden change
in tropospheric delay and extra precaution is required for
processing of relevant data of these regions.
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