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Abstract— In this paper, a simple algorithm is proposed to
perform the nowcasting of rainfall in the tropical region. The
algorithm applies Global Positioning System (GPS) derived
Precipitable Water Vapor (PWV) values and its second
derivative for the short-term prediction of rainfall. The
proposed algorithm incorporates the seasonal dependency of
PWYV values for the prediction of a rain event in the coming 5
minutes based on the past 30 minutes of PWV data. This
proposed algorithm is based on the statistical study of 4 - year
PWV and rainfall data from a station in Singapore and is
validated using 2 - year independent data for the same station.
The results show that the algorithm can achieve an average true
detection rate and a false alarm rate of 87.7 % and 38.6 %
respectively. To analyze the applicability of the proposed
algorithm, further validations are done using 1 - year of data
from one independent station from Singapore and 2 - years of
data from one station from Brazil. It is shown that the proposed
algorithm performs well for both the independent stations. For
the station from Brazil, the average true detection and false
alarm rates are around 84.7 % and 37 % respectively. All these
observations suggest that the proposed algorithm is reliable and
works well with a good detection rate.

Index Terms—Global Positioning System (GPS), Precipitable
Water Vapor (PWV), Rainfall prediction, Rainfall nowcasting

I. INTRODUCTION

T HE water-vapor stored in a column of unit cross
section of the atmosphere is the Precipitable Water
Vapor (PWV). The PWV is an important indicator of water
vapor climatology and variability in the lower troposphere
and related climate processes [1, 2]. PWV values can be
determined through the measurement data using radiosondes,
microwave-radiometers and satellite-based instruments.
However, these technologies have limitations in capturing
good resolution diurnal variations as they have low spatial-
temporal resolutions [3, 4]. To overcome the drawbacks of
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these systems, Global Positioning System (GPS) signal is
now extensively being used to retrieve the PWV values. With
the rapid deployment of GPS monitoring stations in local,
regional, and global scales, ground-based GPS meteorology
is widely used for the remote sensing purposes, with the
precision improvements of GPS baseline and signal delay
estimations [5].

Moreover, ground-based GPS meteorology offers much
improved spatial and temporal resolutions for different
parameters in sensing the atmosphere and ionosphere [6].
The GPS derived PWV is found to be useful in the study of
different meteorological phenomenon like rainfall, typhoons,
floods and thunderstorms [7-11] as this parameter is strongly
linked to the hydrological cycle and dynamical processes
especially in regions such as the tropics where the overall
PWV is high [12].

A. Past Progress

Many researchers are studying the PWV values and its
usefulness in prediction of rainfall. Takiguchi et al. in [13]
reported that the onset of monsoon season in Thailand is
followed by rapid growth in PWV values. In our previous
study [14], we have analyzed the trend in PWV before and
after a rainfall event (expressed as with respect to [w.r.t]
rainfall in this paper). The time series plot of the PWV and
the rainfall data was presented. Generally, the PWV values
increases before a rain event. We also presented the
cumulative distribution function (CDF) plots of PWV for
rainy and non-rainy days in Singapore. In general, it was
shown that the PWV values are higher on rainy days
compared to non-rainy days. Similarly, Shi et al. in [15]
presented some severe rainfall cases and a series of moderate
rainfall cases to indicate the feasibility of GPS derived PWV
for rainfall monitoring in China. The general trend of PWV
w.r.t rain has been highlighted in [15] and a fixed PWV value
is taken as a threshold to detect a rain event. It has been
mentioned that the fixed PWV threshold value may not be
suitable for different scenarios and seasonal factors can be
considered to make it robust.

Literature also highlights that anomaly in PWV might be
useful in the detection of rainfall. Li et al. in [16] suggested
that PWV anomaly values along with other meteorological
parameters like temperature could possibly be used for
predicting rainfall. Sharifi et al. in [17] proposed to use the
relative humidity anomaly along with the PWV anomaly
values to improve the prediction accuracy of rainfall.
However, these literatures are limited in providing insights in
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GPS PWYV temporal evolution w.r.t rainfall. Few literatures
like Neelin in [18] reported the temporal correlation between
microwave radiometer measured column water vapor and
rainfall data for a tropical island of Nauru. The paper
concluded that the high PWV can be associated to a strong
pickup of precipitation even 10-12 hours into the future.

Benevides et al. in [19] presented a study of rainfall and
GPS PWV for a temperate station of Lisbon. The paper
proposed a simple algorithm to forecast rainfall within 6
hours after the steep increase in PWV. The algorithm was
found to produce reasonable forecasts of precipitation with a
success rate of 75 % but with a substantial amount of false
alarms of 60-70 %. Yao et al. in [20] presented the
precipitation forecast results in 6 hours using the data from
sub-tropical stations of China. The results indicated a 7 %
improvement in the correct detection rate as compared to
[19], but with a comparable false alarm rate of 66 %.

B. Outline of the Contribution in this Work

In this work, our research focus will be the rainfall
nowcasting in a tropical region such as Singapore, where
most of the rainfalls experienced are convective rain events
which are frequent in number and last only for short
durations. The time duration between two rain events is then
much smaller, and thereby results in a rainfall prediction time
window that is relatively small. Therefore, different from the
works discussed above, in this paper we perform a short-term
rainfall prediction by using GPS derived PWYV in tropical
climate. An algorithm to nowcast the rain event in next 5
minutes given the PWV data of 30 minutes is proposed in
this paper.

The proposed algorithm adopts two threshold parameters;
season dependent PWV values and double derivative of
PWYV values. Significant diurnal and seasonal variations of
PWV are observed over most of the International Global
Navigation Satellite Systems Service (IGS) stations [21, 22].
The range of PWV values in temperate region is typically 0-
45 mm and in a sub-tropical region is 0-80 mm as reported in
[19] and [20] respectively, while the PWV values in tropical
climate is typically from 30-70 mm. The narrower range and
mostly higher PWV values in tropical region is because, the
PWYV values have distinct seasonal and diurnal cycles and the
seasonal fluctuations is very less in a tropical region with
higher temperature and relative humidity. These inherent
characteristics of PWV should be considered when studying
the usefulness of PWV values for the prediction of severe
weather conditions which might lead to possible false alarms
[23]. The proposed algorithm in this paper addresses the

TABLE |
GPS AND WEATHER STATIONS DETAILS

GPS Station Weather Station Common Data
Identifier (Lat, Provider (Lat, Lon) Auvailability
Lon) ' (Years)

NTUS (1.34°N, NTU (1.34°N,
103.68 °E) IGS 103.68 °E) 2010 - 2015
SNUS (1.29 °N, . NUS (1.29 °N,
103.77 °F) SiReNT 103.77 °E) 2016
SALU (2.59 °S, Sao Luis (2.59
44.21 W) IGS 0, 44,23 W) 2016-2017

seasonal characteristics of PWV values to nowcast rainfall in
a tropical climate, which has not been reported previously.

In the following, we will present the time series analysis of
PWV values and its diurnal and seasonal variations, study the
temporal evolution of PWV w.r.t rainfall, and perform
nowcasting of rainfall using the PWV information from
tropical stations. A simple algorithm for performing
nowcasting of rain events within the next 5 minutes given the
PWV information of the past 30 minutes will be proposed,
with its performance validated.

1. DATABASE

A. PWV Data

Estimation of the PWV values from GPS signal is based
on the delay incurred to the signals travelling from a GPS
satellite to a ground receiver. The total delay caused by
troposphere of the earth along the zenith path is known as
Zenith Total Delay (ZTD), which can be divided into two
parts: Zenith Hydrostatic Delay (ZHD) and Zenith Wet
Delay (ZWD). ZWD is a function of the atmospheric water
vapor profile, is an important parameter for the retrieval of
PWV values from GPS signals and is represented as ALS,.

PWYV values (in mm) are then calculated using the ZWD
values as shown in eq. (1). Here, p; is the density of liquid
water (1000 kg/m?), and PI is the dimensionless factor which
theoretically explains the variations in PWV values that can
be introduced by temperature. Typically, PI values can be
calculated using mean temperature values determined from
radiosonde profiles [24]. However, this method has a poor
temporal resolution due to the limited availability of
radiosonde data. An alternative empirical method, eg. (2), to
calculate the PI values with improved temporal resolution
was therefore proposed in [25].

PI - AL°,
pwy = ———, (1)
P1
where,
PI=[-1 - sgn(Ly) - 1.7 - 1075|L, " - 0.0001]
(DoY — 28 ) )
X i —
€5\ 736525 "
+1[0.165 — (1.7 - 1075) |L,|“55]
+ f (2)

Ineq. (2), L, is the latitude, DoY is the day-of-year, hs, is
1.48 for stations from northern hemisphere and 1.25 for
stations from southern hemisphere, and f =-2.38-10"%H
where H is the station height. The performance of eq. (2) has
been successfully verified using 4 years of data from 174
different radiosonde stations including tropical, sub-tropical
and temperate regions in [25].

For this paper, we processed the data for three tropical
GPS stations. The details of these stations are summarized in
Table 1. There are two stations from Singapore and one from
Brazil. Out of the two stations from Singapore, GPS station
NTUS is located at Nanyang Technological University



(NTU) and is under International GNSS Service (IGS), and
another GPS station, SNUS is located at National University
of Singapore (NUS) and is under Singapore Satellite
Positioning Reference Network (SiReNT) under Singapore
Land Authority (SLA) [26]. The station from Brazil, SALU
is located at S@o Luis and is under IGS. The IGS data are
downloaded from NASA [27], and for SiReNT the data is
requested from SLA [26].

The ZWD values for these stations are processed using
GIPSY OASIS 1l software and recommended scripts [28].
PWYV values for respective GPS stations are then calculated
using (1) and (2), at a temporal resolution of 5 minutes. Since
wet delay values in the zenith direction are used for
estimating the PWV values, the PWV values at any time
stamp reflects the average of 5 to 6 slant-path PWVs
depending on the number of satellites visible at the given
elevation mask. For this paper an elevation mask of 10° is
used [15].

B. Weather Station Data

Rain data collected by the weather stations which are
collocated with those GPS stations have been used for the
analysis in this work. The locations of the weather stations
are summarized in the Table 1. All these weather stations use
tipping bucket rain gauges to record the rainfall rate. The
rainfall data in NTU is recorded every 1 minute and the
resolution of the tipping-bucket rain gauge is 0.2 mm/tip. The
weather station at NUS has a temporal resolution of 5
minutes and the resolution of the tipping-bucket rain gauge is
0.2 mml/tip [29]. The rain gauge at S&o Luis has a resolution
of 0.1 mm/tip and the data is informed in every 10-minutes
slot if the rain is registered else the data is sent in an hour
interval [30].

Here it is important to define a rain event and the time
duration considered to distinguish it. It is well-noted that the
rainfall cases in the temperate region are mainly stratiform
rain and are commonly associated with low rainfall rates,
whereas the rainfall in the tropical region are mainly
convective rain and are commonly associated with high
rainfall rates [31]. Studies show that more than 80% of the
rain events in Singapore are convective rain events [31]. In
general, these convective rainfall events are short lived with
a lifespan of less than 30 minutes [32]. Therefore, in the
following sections, all rainfall cases which are separated by a
duration of 30 minutes are considered as a separate rain
event. The rainfall rate recorded by the weather station is
used in verifying the onset of a rain event.

In the following, data from the GPS station, NTUS, are
used for the proposal of the rainfall nowcasting algorithm,
and data from the GPS stations, SNUS and SALU, are used
for the validation purposes.

I1l. PWV AND RAINFALL

In this section we first study the trend in PWV values from
the NTUS GPS station with diurnal and seasonal variations
and then we analyze the change in PWV values before a
rainfall event starts. NTUS GPS station is located at

Singapore where there are four different seasons namely,
North-East Monsoon (NE) generally during Nov-Dec and
Jan-Mar, First-Inter Monsoon (FI) generally during Apr-
May, South-West Monsoon (SW) generally during Jun-Oct
and Second-Inter Monsoon (SI) generally Oct-Nov. The
period of these seasons varies a little from year to year which
is updated in yearly weather report provided by National
Environment Agency (NEA), Singapore [33].

A. Representation of PWV and Rainfall data

To study the diurnal and seasonal variations in PWV, 4
years’ (2010 - 2013) of PWV data from the NTUS GPS
station are first divided according to the seasons; NE and SW
monsoons and inter-monsoons (FI and SlI). Then from each
of these seasons, PWV values are separated based on rainy
and non-rainy days. In this classification, any day with at
least one rain event is defined as a rainy day. In four years,
there is a total of 250 rainy and 275 non-rainy days in NE,
222 rainy and 357 non-rainy days in SW and 191 rainy and
166 non-rainy days in inter-monsoon seasons.

The PWV data of all the rainy days are composited w.r.t
the time of the day. All the PWYV values at each time interval
is then represented by a boxplot. PWV values are available
every 5 min but to make the plot readable, the boxplots in
Fig. 1 (a-c) are shown at every hour of the day. The red line
in the boxplot represents the median, the upper bounding box
represents the 75" percentile and the lower bounding box
represents the 25 percentile of all the PWV values at the
given hour of the day. The mean of all the rainy days’ PWV
values at the given time is also shown in cyan color with
circle marker in Fig. 1 (a-c). The PWV values of all the non-
rainy days of the respective seasons are averaged at each
time stamp and are shown in Fig. 1 (a-c) by a solid curve in
green.

The occurrences of a rain event at different time of the day
for NE, SW and inter-monsoon seasons are plotted in Fig. 1
(d-f) respectively. There is a total of 399 rain events in NE,
280 rain events in SW and 234 rain events in inter-monsoon
seasons.

B. Seasonal and Diurnal Variations in PWV

From Fig. 1 (a-c), it can clearly be observed that the
average PWV values for rainy days are higher than that of
the non-rainy days for all the monsoon and inter-monsoon
seasons. It is interesting to note that although there is a clear
shift in the amplitude of average PWV values, the average
PWYV values tend to follow similar trend based on the time of
the day for both rainy and non-rainy cases for the respective
seasons, which is mainly affected and dominated by the
diurnal variations of ZTD values [34].

In case of NE and SW monsoon seasons, it can be
observed that the average PWV for both seasons starts with
higher PWV values, which drops in the early morning and
then starts to rise again with the temperature as the sun
shines. For the SW monsoon the peak of PWV is at around
mid-afternoon, 12:00 hour, after which the PWV values falls
until late evening. Whereas for the NE monsoon, the peak of
PWV value is during the afternoon period of around 15:00
hour. A possible reasoning for such behavior in PWV is
because, for the NE monsoon season, late afternoon rainfall
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Fig. 1: Diurnal and seasonal variation in PWV and rainfall data for NTUS GPS station (2010 - 2013). The boxplots of PWV values with average of rainy
(cyan line with circle markers) and non- rainy days (solid light green line) (a) NE, (b) SW and (c) inter-monsoons. Dashed black lines represent a threshold
value of (a) 55 mm for NE, (b) 54 mm for SW and (c) 56.3 mm for inter-monsoons. The total number of rain events occurring at specific hours of the day (d)
NE, (e) SW and (f) inter-monsoon seasons. The time for both GPS and weather station for NTUS station is recorded in local time format (UTC+8).

is often experienced, and thus the PWV values tend to
increase around this time of the day. For the SW monsoon
season, morning downpours are often experienced and thus
the PWV values are higher in the morning. This is also
illustrated in Fig. 1 (d-e), which show the total number of
rain events of a specific season as a function of time of the
day; Fig. 1 (d) represents the NE monsoon season and Fig. 1
(e) represents the SW monsoon season. Most of the rain
events for the NE monsoon season occur during late
afternoon whereas most of the rain evens for the SW
monsoon season occur during morning and early afternoons.

As shown by Fig. 1 (c), PWV values during the inter-
monsoon season are relatively higher compared to the
monsoon seasons. There are several possible reasons as
investigated. Firstly, in general, the inter-monsoon season
has a higher temperature compared to that of the monsoon
seasons. Inter-monsoon season can experience hot afternoons
with maximum temperature going beyond 32 °C [33]. As the
temperature is higher, it can relatively hold more water vapor
increasing the overall PWV values. Secondly, it is observed
that the rate of occurrence of rain events in inter-monsoon
season is significantly higher compared to that in the
monsoon seasons. Lastly, it needs to be considered that the
NE monsoon season consists of both dry and wet phases. The
driest month, generally February, falls under the NE
monsoon season, which slightly lowers the overall PWV
values of the NE monsoon compared to that of inter-
monsoon season.

C. PWV Threshold Values

It is noted that a proper PWV threshold value plays an
important role in indicating a rainy condition [15, 20]. In
[15], a constant PWYV threshold value of 50 mm is defined to
indicate a rainy situation, and in [20] a range of PWV values
from 23-59 mm is used as threshold values for different

months. It is clear that these threshold values are not suitable
for a tropical climate, since the PWV values in tropical
region can be much higher than these threshold values even
for a non-rainy day. Thus, in this section it is of great interest
for us to propose a method to define a PWV threshold value
using the data from a tropical climate.

From Fig. 1 (a-c), a clear separation between average
PWV values of rainy and non-rainy days can be observed. A
constant PWV threshold value to indicate a rainy situation
exists. Clearly, the PWV threshold value must change w.r.t
the seasons as the inter-monsoon seasons have generally
higher PWV values compared to the monsoon seasons. And
amongst the monsoon seasons, in general, the NE monsoon
experiences higher PWV values as compared to the SW
monsoon. The average PWV values of rainy and non-rainy
days also shows variations w.r.t the time of the day.

It is interesting to note from Fig.1 (a-c) that the maximum
inter-quartile range for NE monsoon is 6.72 mm, for SW
monsoon is 6.78 mm and for the inter-monsoon is 5.8 mm
only. This indicates that the 50 % of the total number of
PWYV values at any instant of time is distributed within a
small range of 6.4 mm in average. Since the 50 % of total
number of PWV values are distributed in a small interquartile
range, the rainfall prediction results can be very sensitive to
the chosen PWV threshold value. A slightly higher PWV
threshold value leads to a case where rain events can be
undetected and therefore affect the true detection rate.
Similarly, a slightly lower PWV threshold value can give rise
to many false alarms.

Therefore, in this paper, a season dependent constant PWV
threshold value is proposed to ensure high detection rate with
a low false alarm rate, which satisfies the following two
criteria;

The criteria for choosing the threshold values,
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1) the threshold should be higher than the average PWV
values of non-rainy days to make the false alarm as low as
possible, and

2) the threshold should be lower than the 25™ percentile of
rainy days’ PWV values at the specific hours (during which
the probability of rain occurrence is higher) of respective
seasons to maximize the true detection rate.

According to the second criteria, a PWV threshold value is
chosen in such a way that it gives priority to a specific time-
of-day when the probability of occurrence of a rain event is
higher. Such specific hours differ according to the seasons.
From Fig. 1 (d-f) and also from yearly weather reports for
Singapore [33], it is clearly noted that, in NE monsoon,
afternoon and early evening rainfalls are very frequent. In
SW monsoon, Sumatra squalls are experienced during pre-
dawn to midday, and short-lived rain falls are often
experienced in the afternoon. During inter-monsoon seasons,
afternoon to early evening rain events are common.

It should be noted that the threshold value varies from one
location to another, depending on the local seasonal and
climatic conditions [21]. Therefore, it is important to
carefully study the distribution of PWV at a given location to
choose a proper threshold value. In the next subsection we
will carefully analyze the characteristics of PWV values w.r.t
the rainfall initiation time and apply the findings in the rain
prediction algorithm.

D. Composite Analysis of PWV Derivatives w.r.t Rainfall
Initiation

In this section we consider all the rain events for the GPS
station NTUS and study the PWV values w.r.t rainfall start
time. To do so, first and second derivative of PWV values
will be analyzed using the composite analysis method in
[22].

1) First Derivative of PWV Values: The first derivative
(FD) is calculated from the PWV values before and after the
start time of each rain event. It is then composited in time,
i.e., the mean of the first derivative values at every time
stamp before and after the start of the rain event
corresponding to all the rain events are calculated. The mean
of the first derivative values are plotted in Fig. 2(a). The x-
axis of the figure represents the time in minutes, where x=0
is the start of the rain, x<0 indicates minutes before the start

of the rain and x>0 indicates minutes during and after the
start of the rain. Here, a 2-hour (120 minutes) time frame
before the start of the rain and a 1-hour (60 minutes) time
frame after the start of the rain are presented. The red
diamonds represent the mean of the derivatives of the PWV
values for all 208 rain events in the year 2010, blue stars
represent the mean of the derivatives of the PWV values for
all 234 rain events in the year 2011, green circles represent
the mean of the derivatives of the PWV values for all 219
rain events of in the year 2012, and the black squares
represents the mean of the derivatives of the PWV values for
all 252 rain events in the year 2013.

From Fig. 2(a), it can be observed that the first derivative
of PWV is positive until about 15 minutes before the start of
the rain. This indicates that the PWV is accumulated in the
atmosphere before the rain event. A significant increase in
rate can be noticed after x= -120, which indicates in general
for tropical regions, the rate of PWV accumulation increases
around 2 hours before a rain event. It can be observed that
the zero crossing of the first derivative occurs within 30
minutes before the start of the rain, after which, the PWV
values start to decrease and derivative of the PWV values
becomes negative. Here, the position of zero crossing of the
derivative of the PWV values corresponds to the peak PWV
values. Statistically, it is seen that for most of the rain events,
the peak PWYV values occur at around 15 minutes before the
start of the rain. It is noted that the rate of change of first
derivative of PWV values is sharp within 30 mins before the
start of the rain. Thus, rate of change of first derivative (i.e.,
second derivative) of PWV before the start of the rain can be
an important feature for short term rain prediction and will be
the focus of our study in the next section.

2) Second Derivative (SD) of PWV Values: Like that of
first derivative, the second derivative (SD) of the PWV
values are calculated from the PWV values before and after
the start of a rain event. The composite of the second
derivatives are then plotted w.r.t time. Fig. 2(b) shows the
composite analysis of the second derivative of PWV values.

In tropical climate, PWV values are generally higher and
show very little day-to-day variations. That is the reason the
fluctuations induced in PWV values before a rain event starts
are prominent and are easy to be distinguished. This is also
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reflected in Fig. 2(a) and 2(b). In general, the rate of change
of PWV (first derivative) does not vary much which results
in a small or negligible amount of variation in the second
derivative of PWV values. Fig. 2(b) shows that generally the
second derivative of PWV values fluctuate around 0. A
prominent feature in Fig. 2(b) is noticed when the rain starts,
the second derivative values of PWV reaches a minimum
value. There are significant fluctuations in the second
derivative values 30 minutes before and 30 minutes after the
start time of the rain event. During this one-hour period, the
second derivative values are always less than 0.

This feature of second derivative value attaining a
minimum value within 30 minutes before the rain start time
will be used as a criterion for rain prediction.

IV. RAINFALL PREDICTION

In this section, we propose a simple algorithm to perform
nowcasting of the start of a rain event. PWV data from year
2010 to year 2013 for GPS station NTUS are used in the
proposal the empirical algorithm.

A. Rainfall Nowcasting Algorithm

Two different criteria will be used to perform nowcasting
of the start of a rain event.

1) PWV value criteria: Season-dependent PWV threshold
values are proposed by using the two criteria described in
Section I11 (C).

Following the two criteria, for NTUS GPS station, for the
NE monsoon season, a threshold value of 55 mm is chosen as
the constant PWV threshold as shown by the dashed black
line in Fig. 1 (a), and for the SW monsoon season, a
threshold value of 54 mm is chosen as shown by the dashed
black line in Fig. 1 (b). Similarly, for the inter-monsoon
season, a threshold value of 56.3 mm is chosen as shown by
the dashed black line in Fig. 1 (c) so that both the criteria are
fulfilled.

2) Second Derivative (SD) value criteria: In Section IlI
(D)-2, it was observed that a minimum SD value is reached
within 30 minutes before a rain starts. We therefore use this
minimum SD criteria to predict the start of a rain. For NTUS
GPS station it has been noted that the second derivative
values of PWV falls to a minimum of about -0.015
mm/(5min)? (ref. Fig 2 (b)).

TABLE Il
TRUE DETECTION AND FALSE ALARM RATE WHEN USING THE PROPOSED
ALGORITHM FOR RAIN PREDICTION FOR NTUS

Total No. of Rain Events Using Equation (3)

Year (NE + SW + Inter- True Detection :fgfﬁ]

Monsoon Rain Events) (%) %)
2010 208 (76 + 74 +58) 88.9 49.1
2011 234 (126 +55 +53) 85.9 37.2
2012 219 (89+72+58) 88.5 36.4
2013 252 (108 + 79 + 65) 84.9 43.7
Validation Results (Independent Years, NTUS)
2014 231 (65 + 102 + 64) 89.1 34.6
2015 222 (92 +63 +67) 89.1 31.0
Avg 87.7 38.6

With both the PWV value and SD criteria, the rain
prediction, Pyrys for NTUS GPS station becomes true upon
satisfying the given criteria as,

1, SD < -0.015and PWV =55 (NE)
OR
_ SD < —0.015 and PWV =54 (SW)
PNTUS - OR
SD < —0.015 and PWV = 56.3 (FI &SI)
N 0, Otherwise €))

B. Evaluation Metrics

True detection rate and the false alarm rate are the two-
evaluation metrics that is used to evaluate the proposed
nowecasting algorithm.

1) True detection rate: Six PWV data points before the start
of each rain event (corresponding to 30 minutes of PWV
values) are considered. An illustration of this prediction
process is given in Fig. 3. Now for NTUS GPS station, eq.
(3) is applied on these 6 PWV data points. Firstly, the
maximum of these PWV values is recorded. Then as per eq.
(3), we check if this maximum PWV value exceeds the
threshold of 55 mm for NE or 54 mm for SW or if this
maximum PWYV value exceeds threshold of 56.3 mm for the
inter-monsoons. If the condition is satisfied, second
derivative values are calculated using the same 6 PWV data
points and the minimum second derivative value is recorded.
Now if the second derivative value is less than or equal to -
0.015 then the start of a rainfall event is treated as predicted.
This will then be classified as a true detection. If the
maximum PWYV value and the minimum second derivative
criteria are not satisfied together, the start of the rain event
will be classified as no detection.

2) False alarm rate: All the non-rain days’ PWV data
points and all the data points excluding the data points within
and 30 minutes before the start of the rain event are
considered for non-rainy cases. All these non-rainy data
points are then grouped using window sizes of 6 PWV data
points such that each window sizes of 6 PWV data points
such that each window corresponds to 30 minutes of PWV
values. This can also be seen from the illustration diagram in
Fig. 3. For each window, the maximum PWV value and the
minimum second derivative values are calculated, i.e. eq. (3)
is applied. If the criteria are satisfied, it is considered as a
false alarm.
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Fig. 4: Diurnal and seasonal variation in PWV and rainfall data for SALU GPS station (2016 - 2017). The boxplots of PWV values with average of rainy
(cyan line with circle markers) and non- rainy days (solid light green line) (a) Wet, (b) Dry Seasons. Dashed black lines represent a threshold value of (a) 54
mm for dry and (b) 45 mm for wet season. (c) total number of rain events occurring at specific hours of the day for wet and dry seasons (d) First derivative
values of 2 years. (€) Second derivative values of 2 years. The time for both GPS and weather station for SALU station is recorded in UTC format.

C. Results

Using the given procedure, the true detection rate and the
false alarm rate have been calculated for all cases from the
year 2010 to the year 2013 for NTUS GPS station. The
results are summarized in Table II. It is observed that for
different years, the true detection rate is very high, around
88.9 %, 85.9 %, 88.5 % and 84.9 % for 2010, 2011, 2012 and
2013 respectively. The corresponding false alarm rate is only
49.1 %, 37.2 %, 36.4 % and 43.7 % for the same years
respectively.

Here, it is important to note that the certain percentage of
the total false alarm rate might be the result of comparing the
point rainfall rate recorded at NTU with the PWV values
which is an average over a cone of 5 to 6 satellite paths.
Therefore, some false alarms might not be false alarm but the
detection of rainfall that might be occurring at a location
some distance away from NTU along one or more of the
satellite paths within the cone causing an increase in the
average zenith PWV value. Thus, in such cases, the average
zenith PWV values might satisfy the given criteria, indicating
a buildup of rain clouds but the rain is not at the point
location of NTU, resulting in a false alarm.

D. Performance Validation Using Data from Independent
Years at the Same Station

For validation purposes, the proposed algorithm is applied
on a set of independent PWV data for NTUS station. Data
from year 2014 and 2015 which were not used in previous
threshold derivation are used for performance validation
here. It is found that the proposed prediction algorithm works
well with a true detection rate of 89.1 % for both 2014 and
2015 and with a false alarm rate of only 34.6 % and 31.0 %
for 2014 and 2015 respectively.

The six years’ result show that the proposed algorithm has
an average true detection rate of 87.7 % and false alarm rate
of 38.6 % only. The true detection rate of 87.7 % suggests
that the proposed algorithm can detect most of the rain events
without significant misses. The true detection rate and the
false alarm rate reported in this paper shows a significant
improvement over the true detection and false alarm rates of
75 % and 60-70 % respectively as reported in [19] and the
true detection and false alarm rates of 80 % and 66 %
respectively as reported in [20].

Thus, the comparison results show that the proposed
prediction method is reliably with better performance. It is
also simple for implement and easy to use and is applicable
for the nowcasting of the start of a rain event.

E. Performance Validation Using Data from Another
Station in Singapore

In this subsection, one-year (2016) data from SNUS GPS
station is processed for performance validation of the
proposed method. Since both the stations, NTUS and SNUS
are geographically close to each other (16 km apart), SNUS
station shall experience similar weather variations as that of
NTUS station. Therefore, we apply the thresholds in eq. (3)
on the SNUS data where a total of 195 rain events were
recorded in the year 2016, a true detection rate of 90.7 % and
a false alarm rate of 50.2 % are observed. This is a
meaningful improvement over recent works by Zhao et al.
[35], where their proposed method with site-dependent
thresholds in a similar scale give a true detection rate of at
most 87.1 % and a false rate of at least 60.5 %. Therefore, the
proposed threshold values of eq. (3) looks widely applicable
(site-independent) within a small-scale region (validated with
16-km apart NTUS and SNUS stations).

Although, better results are obtained as compared to those
in the literature, a slightly higher false alarm is observed for



SNUS station using the threshold values of eq. (3) from
NTUS station. From our analysis, it is found that the PWV
values, which is an average over a cone is generally slightly
higher at the SNUS station as it is located much closer to the
coastal area compared to the NTUS station which is at the
western inland region of Singapore and backed by land
(Malaysia) on its northern side. Therefore, when applying the
threshold values of eq. (3) from NTUS station (with lower
PWV values), the false alarm at SNUS becomes slightly
higher.

V. PERFORMANCE VALIDATION OF THE PROPOSED
METHODOLOGY FOR A STATION FROM BRAZIL

In this section, the proposed rainfall nowcasting algorithm
is further validated using two-year data (2016-2017) at a GPS
station from Brazil. This station, SALU, is located at S&o
Luis of Brazil (another tropical region) with very different
climatic conditions compared to that of Singapore. Therefore,
the thresholds in eq. (3) which were derived from NTUS data
in Singapore is not applicable here. Thus, in the following,
we will first present the analysis of the properties of PWV
and rain in S&o0 Luis, and then derive the new threshold
values.

From the data analysis, the weather conditions in Sdo Luis
are broadly divided into dry seasons and wet seasons. The
dry season lasts for very short duration which is during
September to November, and the rest of the months generally
falls under the wet season. April is the wettest month and
October is the driest month.

Fig. 4 (a-b) show the distribution of two years (2016 -
2017) of PWV values for rainy and non-rainy days of wet
and dry seasons respectively. The wet season has higher
PWYV values compared to the dry season. For wet seasons,
the mean rainy PWV values are consistently higher, and
there is an increment in the mean rainy PWV values of wet
season in the evening hours where there is higher probability
of rain occurrence as shown by Fig. 4 (c). The dry season,
which lasts only for 3 months in a year has very less number
of rain events. The PWV values are consistently lower for the
dry season.

Fig. 4 (d-e) show the mean first and second derivative
values of PWV before and after a rain starts for all the rain
events of 2016 and 2017. Both Fig. 4 (d) and (e) have similar
trends as those observed in Fig. 2 (a) and (b) respectively.
The minimum value of second derivative occurs within 30
minutes before the start of a rain event. The minimum value
is reported to be -0.01 mm/(5min)>2.

After applying the proposed rainfall nowcasting algorithm,
a PWYV threshold value of 54 mm (ref. to dashed line in Fig.
4(a)) and 45 mm (ref. to dashed line in Fig. 4(b)) are selected
for the wet and dry seasons respectively, and the SD
threshold value of -0.01 mm/(5min)? is chosen. It is
interesting to note that the PWV threshold value for the rainy
season in Brazil is similar to that for the monsoon season in
Singapore, and similar observation also holds for SD
threshold value.

Therefore, with both the PWV value and SD conditions,
the rain prediction, Pg,;; for SALU GPS station becomes
true upon satisfying the given criteria as,

TABLE Il
VALIDATION OF PROPOSED ALGORITHM FOR A STATION FROM SINGAPORE

AND BRAZIL
True False
Year Number of Rain Events Detection Alarm
(%) (%)
Station from Singapore: SNUS
2016 | 91 (NE) +51(SW)+53 (Inter) [ 907 [ 502
Station from Brazil: SALU
2016 232 (Wet) + 16 (Dry) 82.6 38.5
2017 309 (Wet) + 28 (Dry) 86.9 355
Avg 84.7 37
(1, SD < —0.01 and PWV =54 (Wet)
| OR
Poury = SD < —0.01 and PWV =45 (Dry)

kO, Otherwise 4)

The eq. (4) is applied on PWV and rain data from SALU
(2016 & 2017) and the results are tabulated in Table IlI.
From Table Ill, it can be observed that, the rain events are
predicted with a true detection rate of 82.6 % and a false
alarm rate of 38.5 % for 2016 and a true detection rate of
86.9 % and a false alarm rate of 35.5 % for 2017.

For SALU GPS station, the wet season has a total of 541
rain events; 232 in 2016 and 309 in 2017, whereas the dry
season has only 44 rain events; 16 in 2016 and 28 in 2017.
This is different from Singapore, where all the monsoon
seasons and inter-monsoon seasons experience equitable
number of rainfall events. Therefore, it is also interesting to
access the performance based on different seasons separately.

When the algorithm is applied onto only wet seasons of
2016 and 2017, a true detection rate of 84.4 % and a false
alarm rate of 26.8 % were determined. Similarly, when it was
applied only onto the dry seasons from 2016 and 2017, a true
detection rate of 89.7 % and a false alarm rate of 42.7 %
were observed. The proposed algorithm shows better
performance for the wet seasons with constantly lower false
alarm rate as compared to that of dry season. From rainfall
prediction point of view, wet seasons are more important as
most of the rain events fall under wet seasons.

The results show that the proposed algorithm works with
good accuracy for a tropical station from Brazil as well, and
thus it is widely useful and applicable for tropical stations.

Here it is important to point out that the PWV threshold
values clearly vary from seasons to seasons and the values
will change for different locations (large scale, ref. to eq. (3)
and (4)). The proposed rainfall nowcasting algorithm can
help to derive a priori value of threshold in a location for a
particular season, which can be used to select the threshold
for other events, which makes the process to forecast easier
[20].

VI. CONCLUSION & FUTURE WORKS

In this paper, a detailed study of the PWV values w.r.t
rainfall is performed and a simple, yet effective algorithm is
proposed for prediction of the start of a rain event in the
tropical region.



The proposed prediction algorithm implements a season
dependent PWV threshold value, which is optimized by
considering the time-of-day when most of the rain events
occur for different seasons and a second derivative threshold,
to predict the start of the rain within the next 5 minutes using
data from the past 30 minutes in a tropical region. The
algorithm is derived based on the data from Singapore,
NTUS GPS station. The results show that the proposed
algorithm works well with a true detection of 87.7 % and a
false alarm of 38.6 % in average for NTUS. The proposed
algorithm is validated using the data from two more tropical
stations SNUS and SALU. The proposed algorithm shows
good accuracy for both the independent stations as well.
Hence, the proposed prediction algorithm shows that the use
of PWV and its second derivatives are good features for
rainfall nowcasting.

In the near future, an extended work will be carried out to
study and characterize the PWV values according to different
types of rain; convective or stratiform. It is also interesting to
study the use of PWV data for rainfall prediction in
temperate region since the PWV values for temperate regions
vary significantly over different seasons.
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