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The Precipitable Water Vapour (PWV) content associated with heavy precipitations can be estimated
using the temporal variation of the Global Positioning System (GPS) derived Zenith Total Delay (ZTD).
The ZTD and PWYV were calculated using continuously observed GPS data for nine months (1 April to 31
December of 2018) that include the August 2018 catastrophic rainfall events in the state of Kerala, which
is the gateway to the Indian summer monsoon located at southwest coast of India. The results show a
precursory increment of ZTD followed by a decreasing phase before 5:45 h to 6:45 h of each heavy
precipitation event. Further, the analysis of Radiosonde-derived ZTD for the past 45 years from
1973-2018 and GPS-derived ZTD from 2012-2018 reveal that during the onset of southwest monsoon over
Kerala, the majority of the ZTD values converges within the range 2.55-2.70 m. The study exhibits that
the GPS-derived ZTD could be effectively used for the real-time/short-term early detection of heavy
precipitation events and to aid info on the onset time of southwest Indian summer monsoon.

Keywords. Summer monsoon; heavy precipitation; Zenith Total Delay; Precipitable Water Vapour;
Global Positioning System; Radiosonde.

1. Introduction 2005; Wheater and Evans 2009). An accurate

estimate of the frequency and distribution of these

Cloud, fog, and precipitation formation are influ-
enced by water vapour condensation, one of the
most  critical rainfall activity parameters
(Manandhar et al. 2018). Heavy rainfall events
pose a serious threat to many populated and
urbanized areas around the world (Ashley et al.
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events can help policymakers and observers to
design better surveillance systems. In order to
protect lives and property, disaster management
agencies must be able to predict and warn of heavy
rainfall events in vulnerable areas. In recent years,
state-of-the-art numerical weather prediction
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(NWP) models have been used to predict extreme
rainfall events at various spatial and temporal
scales (Lynch 2008; Bauer et al. 2015; Ashrit et al.
2020). However, the forecasts will always be
uncertain due to errors in the initial conditions and
approximations in the NWP model formulations.
As a result, any method that can directly predict or
provide early warning signals of extreme events
will be extremely valuable.

The GPS technique has been developed to pro-
vide users around the world with accurate, con-
tinuous, three-dimensional position and velocity
information (Kaplan and Hegarty 2005). However,
it has evolved into a promising tool to monitor
crustal deformation (Larson and Agnew 1991;
Reddy and Sunil 2008; Sreejith et al. 2018),
earthquake seismology (Larson 2009; Sreejith et al.
2016), ionospheric seismology (Lognonné et al.
2006; Ram et al. 2017), glacier dynamics (Frezzotti
et al. 1998; Sunil et al. 2007), early tsunami warn-
ing (Blewitt et al. 2006; Bagiya et al. 2017), sea-
level change (Lofgren and Haas 2014; Hammond
et al. 2021), groundwater monitoring (Fu et al.
2012; Saji et al. 2020); growing vegetation (Small
et al. 2010), soil moisture content (Larson et al.
2008), atmospheric water vapour content (Bevis
et al. 1992, 1994; Jin et al. 2007; Jade and Vijayan
2008; Akilan et al. 2017; Zhao et al. 2018a, b), and
other phenomena since the 1990s. A good example
of an indirect solution for quantifying atmospheric
humidity is the use of GPS tropospheric-induced
signal delay to estimate PWYV. Several earlier
reports have established this relationship of GPS
delay estimates with PWV as well as its efficiency
in the estimation and forecasting of rainfall, par-
ticularly intense recipitation and weather dynam-
ics (Suparta et al. 2012; Jiang et al. 2017; Sapucci
et al. 2019). Furthermore, it is well established that
GPS-derived Precipitable Water Vapour (hereafter
referred to as GPS-PWYV) is a promising tool for
improving existing weather prediction systems
(Cao et al. 2016; Zhao et al. 2018a, b). High mois-
ture content, vertical movement, and static insta-
bility are all associated with heavy rainfall
(Maddox 1979; Doswell et al. 1996). For well over a
decade, researchers have been studying the rela-
tionship between deep convective activity, the
occurrence of intense rainfall, and the temporal
evolution of GPS-PWV. Wang et al. (2015) con-
cluded that rapid increases in GPS-PWYV in long-
term low-level data predicted the arrival of rainfall
and were thus useful in weather forecasting. Cao
et al. (2016) reported that GPS-PWV could be
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used to improve near real-time/short-term rainfall
forecasting. Shi et al. (2015) forecasted rainfall
using an empirical real-time GPS-PWYV threshold.
However, Zhao et al. (2018b) have studied the
feasibility of using GPS-derived Zenith Total
Delay (hereafter referred to as GPS-ZTD) instead
of GPS-PWYV and shown that GPS-ZTD can be
used for nowcasting of precipitation events.

The state of Kerala located on the southwest
coast of India, popularly known as the gateway of
the southwest Indian summer monsoon (Joseph
et al. 1994), has a complex topography with the
Arabian Sea to the west, ecologically fragile
Western Ghats (also known as the Sahyadri) to
the east and Indian Ocean to the south (figure 1).
Physiographically, Kerala is divided into three
zones: highland (>75.0 m), midland (7.5-75.0 m),
and coastal plain (7.0 m) (Soman 1987). Kerala
has an equable climate that fluctuates little from
season to season due to its proximity to the sea
and the existence of forts like the Western Ghats.
Temperatures range between 27° and 32°C. The
primary wet seasons are the southwest monsoon
and the retreating monsoon (northeast mon-
soon). During the monsoon season, it receives a
lot of rain, with an average of about 300 cm
(Hunt and Menon 2020). In 2018, heavy rains
from 7 to 17 August caused disastrous floods in
many parts of the state, killing around 445 people
and displacing 5.4 million others (UNDP 2018).
India Meteorological Department (IMD) repor-
ted that the actual rainfall in Kerala from June to
August 2018 was 15, 18, and 164% above the
normal rate of precipitation, making the event
the fourth-highest rainfall on record (MoES
Report 2018). Kerala has over 43 dams and
reservoirs that provide water for agriculture and
hydropower generation (Ramasamy et al. 2019).
Sporadic bouts of heavy rain (for example, 177.5
mm on August 17, 2018 in Idukki) in the Western
Ghats’ catchments prompted the reservoirs to
reach full reservoir level (FRL), causing a surplus
amount of water to be released through flood
gates and it has intensified the number of casu-
alties allied to the heavy precipitation (Dun-
combe 2018).

In this study, first, we have analyzed the feasi-
bility of using GPS-ZTD in detecting heavy rainfall
events rather than GPS-PWV. Further, by inves-
tigating the properties of GPS-ZTD, GPS-PWYV,
and Radiosonde-derived PWV (hereafter referred
to as RAD-PWYV), we conduct a case study related
to the 2018 heavy rainfall events in Kerala.
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Figure 1. Map shows the GPS, Radiosonde and Meteorological observations site at Trivandrum in red circle. Arrows indicate the

direction of southwest Monsoon.

Additionally, we carried out an analysis to esti-
mate the characterization of GPS-ZTD and
Radiosonde-derived ZTD (hereafter referred to as
RAD-ZTD) from 1973 to 2018 during southwest
monsoon onset time.

2. Data and methodology

This study primarily makes use of the continuous
GPS data collected for the period of 1 April to 31
December 2018, which includes the August 2018
devastating rainfall events, at the Trivandrum
Airport’s GPS receiver site located 8.89°N,
76.90°E. In addition, the analysis of Radiosonde
data for the past 45 years from 1973 to 2018 and
GPS data from 2012 to 2018 from the same location
is used to estimate the onset of southwest monsoon
over Kerala.

The GPS site at Trivandrum has been estab-
lished as part of the GPS-Aided GEO Augmented
Navigation (GAGAN) network jointly imple-
mented by the Indian Space Research Organization
(ISRO) and the Airport Authority of India (AAI).

The GPS data has been processed using the
Canadian Spatial Reference System Precise Point
Positioning (CSRS-PPP service version-2) by
Natural Resources Canada (NRCan 2020). The
Radiosonde observations (vertical resolution
30-100 m), which were launched twice a day at a
12-hr interval, were obtained from the University
of Wyoming’s upper air archive. The hourly rain-
fall data for the same period was obtained from the
India Meteorological Department (IMD), Trivan-
drum, Kerala, rain gauge station located in the
study region.

The GPS satellites’ signal is delayed in time as it
travels through the ionosphere and then the
atmosphere. The induced dipole moment of the dry
atmosphere (hydrostatic delay) and the permanent
dipole moment of the water vapour (wet delay)
both contribute to the atmospheric signal delay
(Davis et al. 1985; Elgered 1993; Jade et al. 2005).
At a specific location, the total tropospheric delay
estimated by the GPS receiver from all satellites in
different slant directions can be mapped into ver-
tical using mapping functions to get the ZTD
(figure 2). About 90% of the ZTD is contributed by
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Figure 2. Schematic diagram depicts the GPS signal delay due to the presence of water vapour at any location using GPS-ZTD
In the present study, the observation site is at Trivandrum.

hydrostatic components and is termed as Zenith
Hydrostatic Delay (ZHD), whereas the atmo-
spheric water vapour contributes to the Zenith

Wet Delay (ZWD), which accounts for less than
10% of total delay, i.e.,

002277 P,
JHD — 0.002277 @
1 — 0.00266c0s(2¢) — 0.00028 H

where P, and H are the surface pressure (hPa) and

geodetic height (km) at the station, respectively
and ¢ is the latitude.

ZTD = ZHD + ZWD. (1)
Based on the Saastamoinen model, the ZHD
above a location can be represented as a function of

PWV = nZWD
surface pressure at the station using Saastamoinen

(3)
formulas (Saastamoinen 1973) as modified by
Davis et al. (1985),

Thus, PWYV in a column of atmosphere can be
derived as follows:

(Bevis et al. 1994) © being a conversion factor given
as:
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where ky = 16.48 K/hPa and k3 = (3.776 £ 0.014)
x10° K?/hPa are constants, R, = 461 (J/kg/K)
represents the ideal gas constants for water vapour,
p is the density of the water vapour and T, is the
mean temperature of the atmospheric column. This
mean temperature is estimated using an empirical
formula constrained by a large set of Radiosonde or
reanalysis data (Bevis et al. 1994). In the present
study, 7T, is estimated from the Radiosonde
observations from eight locations over the Indian
subcontinent following the empirical relation
(Suresh Raju et al. 2007) given by,

(4)

T =

T = (62.6 + 1.67) + (0.75 £ 0.006) Ts  (5)

where T is the surface temperature.

In order to estimate the uncertainty involved
while estimating the mean tropospheric tempera-
ture from surface data using equation (5), we have
estimated the weighted mean temperature (73,)
from Radiosonde observations at the study loca-
tion (8.89°N, 76.90°E) for the years 2017 and 2018
using the equation (Yanxiong et al. 2012) given by,

> 7 (Pir) — i)
> (hgiyry — hi)

where h; and A1) denote the height of two
sequential observations, e and T are the average of
water vapour pressure and absolute temperature,
respectively, in the layer defined by h; and h;i1).

Here the vapour pressure ‘e’ is determined using
Tetens equation. It is estimated that the uncer-
tainty ranges between —2 and +1.

The elevation cut-off angle was set to 7.5° and to
project the slant path delay to the station zenith
position, Vienna Mapping Function 1 (VMF1) was
applied. The quality of ZTD depends upon the
number of GPS satellites visibility. At any location, a
minimum of four satellites are required to estimate
the position accurately. As the number of satellites
increases, the quality of the estimated ZTD will also
increase. The ZTD estimated thus obtained was used
to retrieve the PWV using equations (1-5).

Further, the GPS-PWV was validated
against the real-time RAD-PWV observed at
the same location. The PWYV for the sounding
profile is estimated by integrating the specific
humidity (¢) from the surface to the top of the
atmosphere.

Th =

(6)
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I
PWV = — / q(p)dp (7)
P3gJo
where p is the density of water vapour, g is the
acceleration due to gravity, P, is the surface pres-
sure and ¢(p) is the specific humidity at a pressure

level p.

3. Results and discussions

3.1 GPS-PWYV and RAD-PWV

The hourly GPS data for the period April to
December 2018 is processed and analyzed along
with the meteorological parameters (surface
pressure and surface temperature) to derive
ZTD, ZHD, ZWD, and PWV following the
equations mentioned in section 2. Figure 3
shows the temporal variations of surface pres-
sure, surface temperature, ZTD, ZWD, ZHD,
and PWV during the period between 1 April
and 31 December 2018. From the figure, it can
be observed that ZTD, ZWD, and eventually,
the PWYV follow the same trend. However, the
Zenith Hydrostatic Delay (ZHD), which
accounts for about 90% of the ZTD varies slowly
compared to the Zenith Wet Delay (ZWD).
Moreover, the ZTD time series is characterized
by troughs and crests, which indicates the cor-
responding variation of water vapour content in
the atmosphere. The hourly ZTD ranges from
2.45 m towards the end of December (beginning
of winter) to 2.5 m in pre-monsoon (April-May)
and reaches a maximum of about 2.72 m dur-
ing the southwest monsoon (June—September)
and northeast monsoon (October—-December).
Whereas the GPS-PWYV varies from 10 mm in
winter to 75 mm during the summer monsoon
season. To verify the reliability of GPS-PWV | it
is validated with RAD-PWV for the period (1
April-31 December 2018 UTC 00:00 and 12:00
(daily)) utilizing the meteorological parameters
estimated from the meteorological ground
observatory at the location using equation (7).
The RAD-PWYV thus obtained at the Trivan-
drum site is compared with the GPS-PWV. The
estimated GPS-PWV and RAD-PWYV time ser-
ies have a similar trend (figure 4) and are well
associated with a correlation coefficient of 0.872
for the period (figure 5). However, there is a
difference between RAD-PWYV and GPS-derived
PWYV. It may be noted that, during the dry
atmospheric condition, the presence of water
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Figure 3. Hourly time series of (a) surface pressure, (b) surface temperature, (¢) GPS-ZTD, (d) GPS-ZHD, (e) GPS-ZWD and
(f) GPS-PWYV for the period 1 April to 31 December of 2018 at Trivandrum location.

vapour in the atmospheric column is compara-
tively less than that of humid conditions. As a
result, the wet delay induced by water vapour is
also less, which in turn fluctuates the value of
estimated PWV using GPS data.

3.2 Relationship between ZTD and heavy
rainfall events

The association of GPS-PWV with severe weather
events have been carried out by many investigators
(Bevis et al. 1992; Rocken et al. 1995; Seco et al.
2012; Ortiz de Galisteo et al. 2014). However,
accurate retrieval of PWV from GPS observations
is challenging in the absence of collocated meteo-
rological sensors. Therefore, it would be more

advantageous if PWYV could be replaced with ZTD
for weather forecasting applications as it could be
directly estimated from GPS observations. It may
be noted that GPS-ZTD and GPS-PWYV have very
similar temporal variations, as depicted in figure 3.
Few studies have reported the feasibility of ZTD
instead of GPS-PWV as well. For example, Zhao
et al. (2018b) have studied the feasibility of using
ZTD instead of PWV and shown that GPS-ZTD
can be used for nowcasting precipitation events.
Giannaros et al. (2020) emphasized the positive
impact of ZTD assimilation on the model’s ability
to forecast precipitation.

To delineate the behaviour of GPS-ZTD
retrievals during intense rainfall events, the com-
parison of ZTD and hourly rainfall time series at
Trivandrum for the period of 1 April to 31



J. Earth Syst. Sci. (2023)132 23 Page 7 of 15 23

80
a
70 1 Ah
ENIT N l ' , \

1 A AN \ “““\w‘ W'\\ l »“\ "M‘! W 1L‘ ""1' 1l ;11 I
‘/‘rw.u’ I \ “‘ )" ’ | le ‘l
2 I i I !
ol I aw
30 | — Radiosonde PWV ‘

—— GPSPWV
20
30
- b
£
E 20
s
% 10
g -10
g 20
G}
- Xprm May 01 Jun 01 Julo1 Aug 01 Sep 01 Oct 01 Nov 01 Dec 01
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Figure 5. Correlation between GPS-PWV (mm) and RAD-PWV (mm). The dashed line shows the best fit curve with a
correlation coefficient (R) of 0.872.

December 2018 were used (figure 6). The ZTD monsoon, co-monsoon (southwest monsoon), and
sampled at 10-second intervals corresponding to post-monsoon (northeast monsoon), and winter
10 events were chosen to analyze the ZTD vari- seasons were categorically chosen in order to
ation associated with the rainfall events. The verify the efficiency of ZTD during all the weather
events of maximum rainfall corresponding to pre- conditions.
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Figure 6. Time series of rainfall (mm) superimposed over GPS-ZTD (m) at the study location for the period 1 April to 31
December 2018. Heavy rainfall events and corresponding ZTD are marked within circles.

To understand the relationships between GPS-
ZTD and heavy rainfall events in detail, these 10
heavy rainfall events are illustrated distinctly in
figure 7(a—j). It is clearly evident that there is a
steady increase in ZTD before each precipitation
event, and precipitation occurs when the ZTD
reached its peak value. The ZTD value returned to
its stable value after precipitation, implying an
atmospheric advection process as suggested by
Zhao et al. (2018b). The peaks in ZTD are observed
from 5:45 to 6:45 hours prior to precipitation
(figure 7) and the ZTD values associated with the
heavy rainfall events range from 2.65 to 2.75 m
(figure 8). Although there are numerous peaks and
troughs connected to the events, in most cases, the
larger peaks of ZTD are associated with heavy
precipitations. We have verified quite a number of
observations and in the majority cases the precip-
itation peak occurred during the declining stage of
ZTD from its peak value, approximately after 6
hrs. It may be noted that we are not making a one-
to-one correlation between the intensity of ZTD
and precipitation, rather an observation that the
precipitation peak occurs during the declining
stage of ZTD after the occurrence of its maximum
value. There are several factors that influence
precipitation. Akilan et al. (2015) have observed
that the accumulated water vapour precipitates as
rain at the same location under normal conditions.
But the influence of atmospheric winds can take
this water vapour to distant places and may pre-
cipitate there under suitable circumstances. As a
result, not all the ZTD peaks are followed by same
amount of precipitation.

Compared to all three monsoon periods (i.e., pre-
monsoon, monsoon, and post-monsoon), pre-mon-
soon and southwest monsoon seasons (figure 7a—e)

are distinguished by higher ZTD values than the
northeast monsoon (figure 7fj). It may be noted
that higher values of ZTD can be indicative of the
saturated atmospheric conditions during the pre-
and co-monsoon periods (Fujita and Sato 2017).
Unlike the southwest monsoon events, the rate of
increase and decrease of ZTD is slow in northeast
monsoon events. However, the ZTD peaks of the
northeast monsoon events (figure 7f—j) are associ-
ated with thunderstorms and lightning activities
during the post-monsoon season (Manohar and
Kesarkar 2005).

As seen in figure 7(a—j), the evolution of ZTD
follows a predictable pattern in circumstances of
considerable precipitation, which may aid fore-
casting. Because precipitation requires a sufficient
supply of water vapour, ZTD variations increase
gradually before precipitation, resulting in a con-
tinuous increase in the amount of water vapour in
the atmosphere in few hours, or even more than
that, before precipitation, increasing the amount of
ZTD and encapsulating the growing trend of ZTD
(Zhao et al. 2018a). It should be noted that ZTD
changes are not smooth, and some minor fluctua-
tions are induced by external dynamic causes;
however, the overall trend of ZTD increasing
before precipitation and decreasing after precipi-
tation is confirmed.

Similar types of observations were reported by
Kursinski et al. (2008) and Shi et al. (2015) in the
correlation of GPS-PWV and precipitation.
Kursinski et al. (2008) observed that the precipi-
tation is followed by a well-defined sharp increase
in the GPS-PWV time series. Shi et al. (2015)
proposed that an ascending and descending pattern
of GPS-PWYV is observed around each precipita-
tion event.
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Figure 7. Relationship between selected heavy rainfall events and GPS-ZTD during pre-monsoon (a, b), southwest monsoon
(c—e), and northeast monsoon (f=j) period for the year 2018 at Trivandrum. The black lines and blue bars indicate the ZTD and
precipitation respectively. The green and grey line shadings represents the time interval between ZTD peaks and precipitation

for each events. X-axis represents the time in UTC.

3.3 GPS-derived ZTD during flash flood events

Kerala, a small state in the southwestern Indian
peninsula with an area of 38,863 km* (figure 1),
receives monsoon rain and thundershowers for
approximately 6 months of the year. However,
during June 1 and August 29, 2018, the State has
received 36% more rainfall than typical, resulting
in extensive floods, landslides, around 445 deaths
and the fourth-highest rainfall on record. In order

to verify the behavior of the GPS-ZTD during
severe flash flood events, we have chosen two
extreme rainfall events based on the occurrence of
maximum precipitation that happened in Trivan-
drum, Kerala, in August 2018. The first event
occurred between August 7 and 10, and the second
occurred between August 12 and 19 and was
characterized by continuous downpours. To
investigate further, we have analyzed in-situ
meteorological parameters from the location
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Trivandrum (figure 1). Figure 9 represents the
surface pressure, surface temperature, and rainfall
superimposed over ZTD during the period from 7
to 19 August, 2018 at this location. The ZTD val-
ues shown in figure 9(c) are derived using surface

Trivandrum. The vertical dashed line indicates the peaks in
(green) values. The shade region shows the heavy precipitation

pressure and surface temperature measurements
from this location following equations (1-5). From
figure 9, it can be observed that the ZTD incre-
ments observed on days August 7, 11, and 15 are
associated with lower pressure values compared to
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those observed on other days. It is also evident that
during the period between August 7 and 10, ZTD
values increased from 2.5 to 2.7 m. It can also be
observed that each precipitation recorded during
this period is preceded by significant ZTD jumps,
which are always associated with a decreasing
phase. It is interesting to note that rainfall occurs
during the decreasing phase of ZTD jump.

Likewise, during the second event between
August 12 and 19, precipitation was preceded by a
buildup of ZTD jump with a maximum of about
2.725 m at 18:00 hrs on August 14 (figure 9c).
Throughout the days of continuous precipitation,
the ZTD values range as well as maintain between
2.55 and 2.725 m which is an indication of a highly
saturated atmosphere (Fujita and Sato 2017).
According to Kumar et al. (2020), during the time
of heavy precipitation in August 2018, which led to
the flash flood, the specific humidity reached up to
350 mb over Kerala, while it was around 600 mb
over the Bay of Bengal, and the middle troposphere
was found to be wetter than the boundary layer,
with strong upward flow leading to precipitations
from August 14 to 16 in Kerala. Vijaykumar et al.
(2021) reported that the 2018 flood event was
linked to a mesoscale cloudburst and structural
changes in monsoon clouds over India’s west coast.
Both findings, however, are in line with our ZTD
results.

3.4 Characterization of GPS-ZTD and
RAD-ZTD during monsoon onset

Over peninsular India, the southwest monsoon
arrives first in Kerala, signalling the start of the
rainy season on the Indian subcontinent. This is
known as Monsoon onset over Kerala (MooK)
(Slingo 1999). As a result, a strong cross-equatorial
low-level jet forms and moves across the Somali
coast into the near-equatorial Arabian Sea, bring-
ing heavy rains to the southern peninsula (Ramage
1971; Rao 1976). Monsoon onset has an imprint
over southern peninsular India with seasonal
reversal of surface and upper atmospheric wind and
surface convection associated with the built-up of
temperature and pressure contrast between the
Indian continent and the Indian Ocean during
March-May (Pradhan et al. 2017).

The India Meteorological Department (IMD)
used to issue the monsoon onset date over Kerala
every year using a statistical model that includes
six predictors: minimum temperature over
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northwest India; pre-monsoon rainfall over the
south peninsula; Outgoing Long Wave Radiation
(OLR) over the South China Sea; lower tropo-
spheric zonal wind over southeast Indian ocean;
and upper tropospheric zonal wind over the eastern
equatorial region (IMD Press release 2020). Early
or delayed monsoon onset can have serious conse-
quences for agriculture and other planning activi-
ties in the country (Aijaz 2013). As a result, an
accurate onset date forecast can greatly aid in
mitigating the adverse impacts of early or delayed
onset. However, the onset prediction is still an
untamed beast. As a result, any method, minor or
major, that provides some insight into the onset
prediction will be an added advantage.
Deciphering the behaviour of ZTD associated
with the onset of the monsoon will be beneficial in
this context. The ZTD associated with onset for
the years 1973-2018 was calculated in order to
examine the characteristics of ZTD for these years
to see if they follow any particular pattern in and
around monsoon onset days. Due to the lack of
GPS data for the location from 1973 to 2011, an
empirical method was devised to backtrack the
ZTD from 1973 to 2011. The empirical method is
explained as follows. First, the PWYV is estimated
from the Radiosonde data available at the location

. ® Radiosonde-ZTD(1973-2011)
2.52 | ® * Radiosonde-ZTD(2012-2018)
° * GPS derived ZTD(2012-2018)
250 o d\ K e &
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Figure 10. ZTD values corresponding to southwest monsoon
onset days for the period from 1973 to 2018. The pink dots
represent the ZTD values for the onset dates derived using
Radiosonde data for the period 1973-2011. The blue and pink
stars represent the ZTD values for the onset days derived from
GPS and Radiosonde data for the period 2012-2018,
respectively.
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for the onset dates for the corresponding years
during the period (1971-2011). This PWYV is uti-
lized to estimate ZWD using equation (3) men-
tioned in section 2. Then ZHD is calculated from
equation (2) and using equation (1), ZTD is
derived. From the scatter plot (figure 10), it is
observed that the majority of the ZTD wvalues
corresponding to the monsoon onset days for the
past 45 years (1973-2018) converge within the
range 2.55-2.70 m and the inter-annual standard
deviation of ZTD on the date of MooK is estimated
to be 0.054 m. Thus, it can be expected, to an
extent, that when ZTD values fall within the
above-mentioned range during the pre-monsoon to
monsoon transition time, it could be an indication
of monsoon onset.

4. Conclusions

The reliability of GPS-PWYV in detecting heavy
rainfall events was investigated in this study. The
estimated GPS-PWV and RAD-PWYV for the per-
iod 1 April to 31 December 2018 have a correlation
coefficient of 0.872, indicating that they are in good
agreement with each other. Since GPS-ZTD esti-
mation is easier and cost effective than GPS-PWYV,
the characteristics of the same over a spell were
analyzed to understand feasibility to replace GPS-
PWV with GPS-ZTD in meteorological applica-
tions. It is found that GPS-PWV and GPS-ZTD
follow similar type of temporal variations. The
analysis of the GPS-ZTD retrievals during intense
rainfall events shows that ZTD peaks before the
occurrence of a heavy rainfall event followed by a
decreasing phase and the heavy rainfall occur
5:45-6:45 h after the ZTD peaks. During prolonged
and heavy rainfall events, ZTD values typically
range from 2.65 to 2.75 m, indicating a highly
saturated atmosphere. In light of current analysis,
the GPS-ZTD can be used as real-time/short-
term advance monitoring of heavy rainfall events
cost-effectively. An additional analysis of GPS-
ZTD and RAD-ZTD associated with the onset of
the southwest monsoon for the past 45 years
(1973-2018) shows that during the pre-monsoon
to monsoon transition onset time, the ZTD value
ranges between 2.55 and 2.70 m and the inter-
annual standard deviation of ZTD on the date of
MooK is estimated to be 0.054 m. The present
study is intended to test the feasibility of the ZTD
estimates derived from GPS data for forecasting
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heavy precipitation events. However, in order to
establish this technique, we recommend further
analyses with many case studies in different cli-
mate conditions.
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