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Abstract: This study describes the process of deriving integrated water vapor (IWV) from (a) a set of
18 GPS receivers that were installed at different airports across India and (b) a pair of GPS receivers
located in Ahmedabad situated around 8 km apart. The Zenith Tropospheric Delay was estimated
from the GPS observations using the GAMIT software. Further, IWV was estimated from the ZTD
values using surface temperature and pressure from ERA-I reanalysis as additional inputs. The
IWV estimates for 1 year—March 2013 to February 2014—were compared with ECMWF Reanalysis
Interim (ERA-I) reanalysis as well as radiosonde soundings. The Root Mean Squared Error (RMSE)
was ~26 mm or better for most stations. The IWV estimates for July 2013 were assimilated into the
WREF model and had a positive impact on model analysis of IWV. The forecasted rain improved by
up to 3-4 mm/day in some regions as a result of GPS-derived IWV estimates. For the Ahmedabad
receivers, the GPS-derived IWV was compared with IWV from ERA-I reanalysis and was found
to have a RMSE of ~7.7 mm which is <20% of the mean value. The study demonstrates that the
observed IWV variation is consistent with rainfall patterns over Ahmedabad. The rise and dips in
the IWV correlate well with the active-break cycle in the monsoon rain. The study demonstrates the
value of local measurements of IWV with high temporal frequency, as they are more likely to respond
to fast-moving weather phenomena such as rainfall. Thus, the GPS-derived IWV measurements are
likely to have significant value in the short-term forecasts of precipitation.

Keywords: GPS meteorology; integrated water vapor; GNSS

1. Introduction

Atmospheric water vapour is a critical atmospheric parameter that plays an important
role in the transfer of energy in the atmosphere and to our understanding of weather
phenomena [1]. Improved knowledge of its distribution would likely result in significant
improvements in weather forecasting, particularly in the tropics. An improvement in
short-range cloud and precipitation forecasts is one of the major goals of the atmospheric
modeling community, which is restricted by the lack of frequent and accurate water vapour
measurements. The deficiency of accurate water vapour observations over a large portion
of the globe impedes the skill of precipitation forecasting in numerical weather prediction
(NWP) models [2]. Particularly over the south-Asia region, water vapour remains one of
the most poorly characterized meteorological parameters [3]. Traditional measurements
of water vapour, radiosonde soundings, are temporally and spatially infrequent over the
Indian region relative to other developed countries. Atmospheric soundings in Visible and
InfraRed bands from geostationary satellites are accurate only over clear-sky conditions.
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Microwave satellites provide more accurate measurements in cloudy conditions, but have
poor temporal sampling over a specific location. Further, the accuracy of microwave
frequency instruments over land is poor, as the land surface has high - and highly variable-
emissivity over land surfaces. Thus, it is likely that advanced data assimilation schemes
like four-dimensional variational (4D-Var) method, implemented in many operational
centres, would provide improved weather forecasts if frequent, accurate observations of
water vapour were available.

Rainfall and IWYV are closely related in the tropics [4]. However, as suggested by earlier
studies [5], it is unlikely that the increase in IWV may only be attributed to precipitation.
The relationship of IWV with precipitation is quite complex and inhomogeneous; however,
it is considered to be reasonably strong in the tropical regions. The peaks of IWV indicate
events of strong precipitation, due to tropospheric moistening of convective cells resulting
in positive moisture-convection feedback [6]. Due to this positive correlation, the IWV
qualifies naturally as a potentially useful parameter for prediction of rain, a hypothesis
which is tested later in this manuscript.

Estimation of IWV has been done conventionally with radiosonde balloon sounding
at globally distributed network of stations at 00Z and 12Z UTC. While still continuing,
these observations, owing to their low temporal sampling (only twice a day) and issues
of instrument calibration, are deemed to have limited usefulness in studies related to
short-term prediction of IWV. Other ground-based instruments such as Lidars and Fourier
transform infrared spectrometer can only profile precipitable water below the clouds [7].

The ground-based GPS sensing of IWV, demonstrated by Rocken et al. [1,8,9] to
have an RMSE of 1-2 mm, is an alternative technique with several characteristic advan-
tages over the earlier measurement techniques, discussed in the previous paragraph. The
GPS-sensed IWV has a significantly higher temporal sampling, of up to a minute or
less, making it principally suitable for the study of high-rate variability of IWV. This, in
turn, may be vital to the process of understanding the causal relationship between the
build-up and decay of IWV and the likelihood of the occurrence or non-occurrence of
convective rain events. This understanding forms a significant first step towards devis-
ing a proper approach to model the relationship for the short-term prediction system for
IWYV based rain events. Additionally, the GPS-based technique is relatively unaffected
by instrument calibration, unlike radiosondes and MWR, ensuring signal fidelity and
measurement reliability. This is particularly significant when it comes to up-scaling the
location-based methodology to a wider network of GPS ground-tracking stations. The con-
cept of network-based analysis of GPS measurements is important as has been revealed in
Tregoning et al. (1998) wherein they concluded that better estimates of precipitable water
can be obtained with GPS analysis between stations separated by more than 2000 km. Ac-
curacy of the GPS estimates of IWV has been demonstrated by several more studies such as
by Emardson et al. (1998) showing 1-2 mm RMSE compared to MWR and of 1.4 mm in
Tregoning et al. [10], when compared to either radiosonde or MWR. That the agreement
between GPS- and microwave radiometer-sensed IWV depends on the total water vapor
loading of the atmosphere at the measurement location has, more recently, been shown in
Liou et al. (2000). The impact of high water vapor loading on the RMSE of GPS-sensed
IWV compared to MWR measurement of IWV has been shown to dominate even in the
case with large baseline of GPS stations [11]. That, high atmospheric inhomogeneity in the
humid region may affect the consistency of measurements made by the two techniques
with widely different volumetric sampling geometry, is offered as a plausible explanation
for the large RMSE. These are important considerations to be factored in when comparing
GPS estimates of IWV with either radiosonde or MWR. Since geometry plays an important
role in GPS estimates of IWYV, it is worthwhile to discuss the fundamental principle of GPS
sensing of the atmosphere and the associated estimation of IWV.

The GPS data used in the study have been obtained from the Indian Satellite Based
Augmentation System project named—GAGAN (GPS Aided Geo Augmented Navigation).
Under this project, 18 dual-frequency GPS receivers were established in India in 2004
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to monitor, study, and develop region specific ionospheric models for implementation
in GAGAN [12]. The number of GPS receivers under this network was increased to 26
in 2009-10. The dual frequency GPS receivers “GSV4004A /B” have been customized to
provide Ionospheric Total Electron Content (TEC) and L-band scintillation measurements
(54 Index) in addition to usual ‘range” and ‘ephemeris’ logs. The range logs are sampled
at 10 s interval which provide pseudo range (m) and carrier phase (cycles) at L1 and L2
bands. The raw data is converted to RINEX format which is the standard format for GPS
processing. In this study, we have analysed GPS-derived IWV data for the 1-year time
period between March 2013-February 2014. There were a total of 19 receivers (at 18 distinct
locations) available during this time period. Additionally, a pair of dual-frequency GPS
receivers in Ahmedabad city have been used to explore the correlation of GPS-derived
IWV with localized rainfall.

Various sensitivity studies have been performed to assimilate the GPS IWV data to
improve the prediction skill of numerical models [13-15]. Kuo et al. [14] showed that
the assimilation of precipitable water improves the vertical structure of moisture and
precipitation predictions. Vedel et al. [15] processed GPS data from Western Europe
network and assimilated into the HIRLAM NWP model. Authors found neutral impact in
general, but for a severe rain event, assimilation of GPS improved the forecast skill and
suggested that the GPS data has excellent potential for improving numerical models in
rapidly developing, high moisture flux situations. The most significant finding is that the
forecast skill is improved with assimilation of GPS-IWV data each year as the number
of stations has increased; this suggests that the increase in the network density can lead
to further forecast improvement. In the Indian context, Kumar et al. [16] found a small
positive impact on 24-h forecasts upon assimilating observations from a single GPS station
in Bangalore. In contrast, the current study analyzes the impact of IWV derived from a
network of GPS stations.

In the following section, we describe the procedure used to derive IWV from the
GPS data.

2. Estimating Integrated Water Vapour from GPS Network

In this section, we describe the procedure used to estimate IWV from the raw GPS
data collected by the network of GPS receivers. In addition, we present the results of inter-
comparisons of GPS-derived IWV with corresponding IWV estimates from radiosondes as
well as ERA-I reanalysis [17].

2.1. Estimating Zenith Tropospheric Delay Using GAMIT Software

The observed range by a GNSS receiver is combination of the true range between the
receiver and the satellite, as well as the ionospheric delay, the tropospheric delay and the
error in the range due to the clock offset between the receiver and the satellite.The parameter
of our interest, the zenith tropospheric delay (ZTD), was estimated using GAMIT software
(Herring et al. [18]). The software was configured to process all available GPS stations,
along with IGS reference stations located at Bangalore, Hyderabad, Lhasa, Urumqji, Irkutsk
and Kitab. The IGS stations were solely used as a reference for the GAMIT software, and not
for any subsequent analysis. GAMIT was configured to generate ZTD estimates at half-hour
intervals. The default configuration was used for most other processing parameters.

2.2. IWV Estimation

The GNSS-derived IWV was calculated from the ZTD using the procedure described
in Bevis et al. [19]. The main steps in the procedure are described below: The ZTD is
modelled as a combination of a zenith hydrostatic delay (ZHD) (which does not depend
on atmospheric humidity) and a zenith wet delay (ZWD) which is a function of the IWV.
The ZHD (in millimetres) is modelled using the model described in Elgered et al. [20]:

2.2779 % Ps

ZHD = 1
(1 —0.00266c0s2A — 0.00028H) @)
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where Ps is the surface pressure (in millibars) at the station, A is the latitude of the station
(in degrees) and H is the altitude of the station (in kilometres).

The Zenith Wet Delay (ZWD) is obtained by subtracting the ZHD from the total
tropospheric delay.

The IWV (in millimeters) is expressed as:

IWV -p =kZWD @)

where p is the density of water and the parameter k is calculated using the expression:
= =10"%(c1/Tm+ c2)RV 3)

where RV is the specific gas constant for water vapour and Tm is pressure-weighted mean
temperature of the atmospheric column. The values 3.776  10° and 17 are used for the
constants c1 and c2 [21]. Bevis expresses Tm as a linear function of the surface temperature
Ts using radiosonde profiles over Albany, New York. We use the same linear function for
our calculations, though regional differences in the optimal coefficients have been reported.
The surface pressure and temperature values required for performing the estimation of IWV
from ZTD were obtained from the ERA-I product. These surface estimates are provided
every 6 h by ERA-I; the 6-hourly estimates are interpolated linearly to 30 min time intervals
corresponding to the GPS ZTD estimates.

2.3. IWV Data Validation

The IWV estimates were compared station-wise both with IWV estimates from ERA-I
as well as from radiosonde soundings. We note that the GPS-derived IWV estimates are
not completely independent of the ERA-I estimates, as the surface parameters from ERA-I
are used in the conversion of ZTD to IWV in our procedure. Figure 1 shows the bias and
RMSE between the IWV estimates from GPS and ERA-I. Large positive biases of 20 mm
and higher were observed in Mumbai, Bagdogra, Vishakapatnam and Guwahati.
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Figure 1. Bubble plot depicting station-wise comparison between GPS-derived IWV and IWV from
ERA-L (The colors depict the bias in mm for each station, and the size of the bubbles depict the RMSE).
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Further analysis revealed that the primary contribution to these biases was from
the substantial differences in surface pressure estimates from ERA-I (used in the INV
calculation) compared to estimates from Integrated Global Radiosonde Archive (IGRA)
radiosonde data [22]; in some cases the mean surface pressure differences were as high as
60 hPa. The mean biases in the surface pressure between ERA-I and IGRA radiosonde data
were calculated station-wise for all available data from 2013 and 2014, and a corresponding
bias correction term was applied to each station to eliminate the mean bias in surface
pressure. Figure 2 shows the bias and RMSE between the IWV estimates from GPS and
ERA-I after applying the bias correction for surface pressure. The IWV biases in Bagdogra
and Guwahati reduce from 15-25 mm to under 6 mm. Similar reduction in IWV bias is
seen in Vishakapatnam and Mumbai. The median RMSE for the set of GPS stations drops
from 7.7 mm to 4.8 mm (i.e., to under 15 percent of the mean value) as a result of the
correction of surface pressure. We acknowledge that this is a somewhat ad-hoc solution;
Parracho et al. [23] have utilized a more sophisticated interpolation scheme to adjust the
surface pressure values for stations which either lie between 2 pressure levels, or which
have surface pressure values greater than 1000 hPa. However, since our ad-hoc correction
is successful in correcting a significant portion of the error—and since our primary focus is
on the highly variable ZWD rather than the hydrostatic delay—we believe that our ad-hoc
bias correction is an acceptable solution to the problem.
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Figure 2. Bubble plot depicting station-wise comparison between GPS-derived INV and IWV from
ERA-I after bias correction of surface pressure. (The colors depict the bias in mm for each station,
and the size of the bubbles depict the RMSE).

The GPS-derived IWV estimates were also compared to IWV from the IGRA ra-
diosonde archives. The comparison was restricted to stations where there were at least
100 matching observations from both IGRA and GPS. There were 7 stations that satisfied
this condition; the summary statistics from the comparison are shown in Table 1. The
overall bias between GPS-derived and IGRA IWV is close to zero and the RMSE values are
generally under 6 mm (around 15% of the mean value of IWV).
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Table 1. Comparison of GPS-derived IWV with IGRA radiosonde data.

Number of Matching Samples

Station Name between IGRA and GPS Bias (GPS-IGRA) (mm) RMSE (mm)

Hyderabad 236 —0.3 4.2
Bhopal 221 -0.7 53
Kolkata 324 -1.3 52
Vishakapatnam 249 2.6 57
Trivandrum 175 1.6 4.0
Ahmedabad 258 —24 6.2
Bhubaneshwar 310 0.0 7.0

3. Local Experiment with Pair of GPS Receivers in Ahmedabad

Another experiment conducted as part of this study was to examine the utility of
reducing the baseline distance between GPS receivers for IWV estimation and subsequent
short-range forecasts of rainfall. For this purpose, a pair of GPS receivers were installed in
Ahmedabad, as shown in the Table 2 below.

Table 2. Receiver locations in Ahmedabad.

Receiver Station Latitude Geographic Longitude Data Considered (2016)
Navrangpura, Ahmedabad 23.0356 N 72.5435 E July—September
Bopal, Ahmedabad 23.0326 N 724631 E July—September

The GPS samples are logged at the rate of 10 samples per second, and the data is
processed using the methods described previously. The data from July 2016-September
2016 (corresponding to the peak monsoon season in Ahmedabad) are used for our analy-
sis.The IWV estimates between the different stations were found to match each other to
under ~1 mm both on rainy as well as dry days. This indicates that both GPS receivers are
functioning well. However, this also implies that we were unable to discriminate between
the signals of the different receivers due to the high spatial density of the cluster. This
finding is not entirely unexpected; as the the ZTDs represent the cone average of IWV
along different slant paths (based on the location of the different GPS satellites). Thus, each
IWYV estimate represents the area average of over 30—40 km. Since the distance between
both receivers is in the range of ~10 km, there is significant overlap between the area being
observed by the different receivers. Further, IWV is generally a slow-varying parameter
and significant variations in IWV are expected only over distances of 100-200 km. Thus,
we find negligible benefit of having such dense baselines in the estimation of IWV.

The IWV estimates derived from the GPS cluster were compared to ERA-I reanalysis,
and were found to be well correlated as shown in Figure 3. The RMSE is ~7.7 mm which is
consistent with our earlier results. The reanalysis estimates are consistently higher than the
GPS IWV by ~7 mm; this is qualitatively similar to the differences observed in Section 2.
However, we find that the IWV estimates derived from radiosonde soundings (which are
more accurate than the reanalysis data) lie in between the GPS and the ERA-I values. Since
the GPS IWYV lies within the range of uncertainty shown by the different reference data, we
do not apply any bias corrections on the GPS IWV.

Additionally, we show the time series plot of rainfall in conjunction with the estimated
IWYV values from the Ahmedabad stations for July-September 2016 in Figure 4. The
IWYV values are generally greater than 60 mm during the rainy phases of the monsoon.
The IWV generally peaks during active phases of the monsoon (periods with significant
rainfall accumulation); though the correspondence does not hold very strongly on a day-
to-day basis. The plot shows the IWV plotted at lead times of 3 h to 36 h relative to the
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rainfall measurements with the GPS-derived IWV with each lead-time being considered
a potential “predictor” of rainfall; however, the different lead times have mostly similar
patterns relative to the rainfall accumulation. Overall, we were unable to demonstrate
any observable benefit of having GPS receivers at short-baselines in improving either the
accuracy of GPS-derived IWV or its potential for short-range forecasts of precipitation.
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Figure 3. Comparison of IWV estimates from GPS cluster in Ahmedabad and ERA-I reanalysis data.
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Figure 4. Time-series plot of GPS IWV estimates and rainfall in Ahmedabad.
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4. Short-Range Forecasts of Rainfall Using IWV Estimates

The non-hydrostatic primitive equation Weather Research and Forecasting (WRF)
model and its four-dimensional variational data assimilation (4D-Var) scheme are used
in this study to assimilate the hourly IWV observations retrieved from the GPS receivers.
The Advanced Research WRF (ARW) core-model version 3.4—with WRF single-moment
six-class microphysics, the Kain-Fritsch cumulus convection parameterization scheme,
and the Yonsei University planetary boundary layer scheme are used in this study. The
rapid radiative transfer model and Dudhia scheme are used for longwave and shortwave
radiation, respectively. With the availability of high temporal resolution IWV observations,
4D-Var assimilation method uses the model dynamics to compute the model’s equivalent
value at the valid report time of the observation. The WRF 4D-Var method is based on
incremental 4D-Var formulation to produce the model analysis. The model simulations are
performed using nested domain with two-way feedback. The outer domain simulations
are performed at 75 km x 75 km spatial resolution covering region (50 E-120 E, 20 5-50 N),
and inner domain are performed at 25 km x 25 km spatial resolution covering Indian
region (66-100 E, 7-38 N). All results are based on Inner model domain performed at 25 km
spatial resolution. A detailed description of the WRF model physics and 4-D-Var system
can be found in Kumar et al. [3] and Mandal et al. [24].

Two simultaneous assimilation experiments (GPS and CNT) are performed in this
study with and without assimilation of GPS-derived IWV during summer monsoon 2013.
The control experiment (CNT) uses conventional data and satellite winds and profiles,
while the GPS experiment uses GPS-derived IWV in addition to this data. Six hourly
4D-Var assimilation cycle are performed starting from 0000 UTC 01 July 2013 to 0000 UTC
31 July 2013 to assimilate the hourly GPS data (see Figure 5). Instead of directly starting
from the NCEP Global Data Assimilation System (GDAS) analysis, six hourly WRF model
forecast valid at 0000 UTC 01 July 2013 is used for initial condition for both the assimilation
experiments. In cycling approach, forecast from previous cycle uses as the background for
the next cycle, which is more consistent with forecast model. Conventional observations
like SONDE, SYNOP, METAR, BUQOY, SHIP, etc. are used in all the experiments. Lateral
boundary conditions are taken from NCEP GDAS analysis.

Figure 6a shows the IWV first guess (Observation-Background) and analysis (Observation-
Analysis) departures for the entire month of the July 2013. The first-guess and analysis
departures have a RMSE of 3.78 mm and 1.79 mm, respectively. The mean differences are
changed from 0.21 mm (O-B) to 0.38 mm (O-A). The first guess and analysis RMSE show
that in all the cases model IWV analysis are better matched with the GPS-IWV data than
the background which confirms the successful assimilation of GPS-derived IWV using
WREF 4D-Var. Figure 6b shows the percentage change in the RMSE in the model analysis
of IWV. The impact on model analysis is largely positive, with many grid points showing
improvements of up to 30%. The map only displays the grid points where the change in
forecast skill is statistically significant at 95% confidence interval; further, the comparison
is carried out only over land.

The impact of assimilation of GPS-IWV on 24-h forecasts of IWV as well as rainfall is
shown in Figure 7. The impact on IWV is mixed, whereas there is a modest positive impact
on the rain forecasts, especially to the east of the Western ghats. In this region, the model
significantly overestimates rainfall in the CNT run; this overestimation is reduced by an
average of 3-4 mm/day upon assimilation of GPS-derived IWV.
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Figure 5. Schematic diagram depicting the assimilation of GPS-IWV data. Conventional Data as well
as Satellite winds are assimilated 6-hourly for the control run (CNT) and GPS-IWV is added for the
other experimental run).
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Figure 6. (a) (left) Comparison of histograms of INV First-Guess (FG) and Analysis (ANA); and (b) (right) Map showing
the change IWV analysis error (in percent) after assimilation. Positive values correspond to decrease in RMSE (improvement
in skill) and negative values correspond to increase in RMSE (degradation in skill).



Atmosphere 2021, 12, 1303 10 of 12
36N - BN
32N | 32N |
26N .. 5 =al) 15
10
24 " e
5 5
o —5
20N 2 20N |
10 —10
16N - —15 16N o
12N 12N -
8N | BN |
84E 90E 98E v2E 78E 84E 90E 96E

(a) (b)

Figure 7. Map showing the percentage change in 24-h forecast error after assimilation for (a) (left) INV and (b) (right)

Surface Rainfall. Positive values correspond to decrease in RMSE (improvement in skill) and Negative values correspond to

increase in RMSE (degradation in skill).

5. Discussion

This manuscript describes an observational study of GPS-derived IWV over India.
The Zenith Tropospheric Delay was estimated from the GPS observations using the GAMIT
software. Further, IWV was estimated from the ZTD values using surface temperature and
pressure from ERA-I reanalysis as additional inputs. The GPS-derived IWV estimates for
1 year—March 2013 to February 2014—were compared station-wise with corresponding
IWYV from ERA-I reanalysis as well as radiosonde soundings. The RMSE relative to the
reference values was ~6 mm (approximately 15% of the mean) for most stations after apply-
ing corrections for surface pressure. While these results are encouraging, further analysis
using longer-term data series is desirable to robustly characterize the error characteristics
of GPS-derived IWV in the Indian region.

A pair of GPS stations at Ahmedabad were used to derive IWV for the period July—
September 2016. The RMSE relative to ERA-I reanalysis was ~7.5 mm. The IWV variation
was found to correspond to the active-break cycle of the monsoon; the IWV peaks generally
occurred during periods of high rainfall accumulation. However, we were unable to
demonstrate any significant benefits from using data collected from GPS receivers situated
at short baselines from each other. The estimates from both receivers tracked each other so
closely that we were unable to extract independent information from each instrument.

The GPS-IWYV estimates for July 2013 were assimilated into the WRF model and had
a strong positive impact on model analysis of IWV. The forecasted rain to the east of the
Western ghats improved by 3-4 mm/day as a result of GPS-derived IWV estimation. This
finding of a small but significant positive impact on short-range forecasts is consistent with
other studies reported in the literature. While Giannaros et al. [25] and Rohm et al. [26]
show large improvements in precipitation forecasts over Greece and Central Europe respec-
tively, Kumar et al. [16] and Risanto et al. [27] show modest positive impact of assimilating
GPS-derived IWV. This study provides further evidence that GPS-derived weather obser-
vations have significant potential for positively impacting weather studies and forecasts in
the Indian region.
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