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Abstract: Climate change has increased the frequency and intensity of weather events with heavy
precipitation, making communities worldwide more vulnerable to flash flooding. As a result, accurate
fore- and nowcasting of impending excessive rainfall is crucial for warning and mitigating these
hydro-meteorological hazards. The measurement of integrated water vapour along slant paths
is made possible by ground-based global positioning system (GPS) receiver networks, delivering
three-dimensional (3D) water vapour distributions at low cost and in real-time. As a result, these data
are an invaluable supplementary source of knowledge for monitoring storm events and determining
their paths. However, it is generally known that multipath effects at GPS stations have an influence
on incoming signals, particularly at low elevations. Although estimates of zenith total delay and
horizontal linear gradients make up the majority of the GPS products for meteorology to date, these
products are not sufficient for understanding the full 3D distribution of water vapour above a station.
Direct utilization of slant delays can address this lack of azimuthal information, although, at low
elevations it is more prone to multipath (MP) errors. This study uses the convective storm event
that happened on 27 July 2017 over Bulgaria, Greece, and Turkey, which caused flash floods and
severe damage, to examine the effects of multipath-corrected slant wet delay (SWD) estimations
on monitoring severe weather events. First, we reconstructed the one-way SWD by adding GPS
post-fit phase residuals, describing the anisotropic component of the SWD. Because MP errors in
the GPS phase observables can considerably impact SWD from individual satellites, we used an
averaging technique to build station-specific MP correction maps by stacking the post-fit phase
residuals acquired from a precise point positioning (PPP) processing strategy. The stacking was
created by spatially organizing the residuals into congruent cells with an optimal resolution in terms
of the elevation and azimuth at the local horizon.This enables approximately equal numbers of
post-fit residuals to be distributed across each congruent cell. Finally, using these MP correction
maps, the one-way SWD was improved for use in the weather event analysis. We found that the
anisotropic component of the one-way SWD accounts for up to 20% of the overall SWD estimates.
For a station that is strongly influenced by site-specific multipath error, the anisotropic component
of SWD can reach up to 4.3 mm in equivalent precipitable water vapour. The result also showed
that the spatio-temporal changes in the SWD as measured by GPS closely reflected the moisture
field estimated from a numerical weather prediction model (ERA5 reanalysis) associated with this
weather event.
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1. Introduction

The urbanization of modern cities, combined with the increased concentration of
people, has made cities increasingly prone to natural hazards such as thunderstorms,
hailstorms, and tornadoes. In July 2021, many countries in Europe were affected by
severe flooding due to record-breaking rainfall [1]. With global warming, regional climate
is changing dramatically, and extreme precipitation events have been occurring more
frequently and with greater intensity in some regions, which increases flood risks [2].
The mean water vapour constitutes only 0.25% of the mean atmospheric mass, estimated
at 1.27× 1016 kg with slight annual variations [3]. It does, however, play a key part in
the transfer of energy within the atmosphere and the development and propagation of
weather and climate [4]. A system of atmospheric water vapour is intimately linked to all
of the basic weather phenomena we experience on a daily basis, including clouds, drizzle,
precipitation, snow, sleet, and hail [5]. Atmospheric water vapour is characterised by high
spatio-temporal heterogeneity and high concentrations or rapid changes. Its constituent is
coupled with high humidity conditions caused by severe weather events such as heavy
rainfall and intense thunderstorms associated with convective storms [6]. These conditions
can cause intense precipitation in short periods, potentially leading to flash flooding such
as those that occurred in Turkey in July 2017 [7] or more widespread disruptions from
flooding and associated geohazards [8]; heavy rainfall, flash flooding, debris flows in
Southern California [9]; and torrential precipitation events in Southern France [10]. This
is especially true in areas that are becoming increasingly urbanised or in areas with steep
orography. It is difficult to predict severe weather (such as heavy rain events) precisely in
terms of location, time, and intensity even with existing state-of-the-art numerical weather
prediction (NWP) models [11].

Currently, only precipitation, not water vapour, which causes severe weather precipi-
tation in convection systems, is measured in radar reflection-based nowcasting [12]. Better
precipitation forecasts/nowcasts are thus required to aid decision making during severe
weather, such as suspending train services on a line that is susceptible to debris flows,
evacuating buildings in flood-prone areas, optimizing airport operations during storms,
and regulating sewage systems. The fundamental obstacle in the accurate forecasting of
precipitation and the modelling of rainfall event dynamics is typically the lack of a precise
understanding of the early distribution evolution of the water vapour field [13–15].

The impact of assimilating integrated water vapour (IWV) information into NWP
models has been demonstrated to significantly enhance the initial state condition and
rainfall prediction model. It supports the radiative transfer and convection algorithms in
the NWP model for improved precipitation prediction [16]. Obtaining improved water
vapour information in the initial states of NWP modelling is critical for a very short-range
forecast of destructive heavy precipitation [17]. Many meteorological services, such as
MétéoFrance, the Japan Meteorological Agency (JMA), and the UK Met Office, regularly
assimilate in near real-time (NRT) GNSS, particularly, global positioning system (GPS),
and zenith total delay (ZTD) tropospheric products into their NWP models. Or utilize
GNSS-derived atmospheric IWV information, also commonly known as precipitable water
vapour (PWV) products, for investigations of specific or severe weather events. IWV and
PWV include the same information. The sole distinction between these two measures is
that PWV is modified by water density and is consequently given in millimetres. More
recently, ref. [18,19] showed the link between GNSS-derived IWVs and their impact on
tropical cyclone structures to be an additional resource for enhancing the monitoring of
hurricane trajectories; thus, it is possible to track the movement of atmospheric fronts.
Additionally, Ref. [11] have shown the improvement of ZTD in assimilating into the NWP
model for short-range forecasts over the Indian region by enhancing the moisture content of
the atmosphere. However, a limited number of models assimilate azimuthally asymmetric
products such as the slant total delay (STD) or horizontal gradient (GRD) (in combination
with ZTD) [20,21]. The challenge is to estimate the amount of IWV in the direction of
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an individual transmitting satellite to a receiving antenna, commonly referred to as the
integrated slant-path water vapour (SWV), which is derived from the STD [22].

The present ZTD products do not have the horizontal resolution necessary to be
assimilated into the NWP model and are considered suboptimal because STD are mainly
negatively affected by unmodelled site-specific effects and the improper modelling of
horizontal tropospheric gradients [23]. Strong humidity gradients are typically associated
with severe weather, making STD an appealing development in GPS meteorology [24].
Additionally, the requirement for imprecise climatological mapping functions required to
compute ZTD is eliminated. Normally, an SWV comprises of isotropic and anisotropic
components. The isotropic component reveals only the average SWV that is independent
of the azimuthal information sensed from a fixed GPS station, whereas the anisotropic
component represents the atmospheric conditions at a much finer resolution than the
isotropic component [25,26]. The anisotropic component is further divided into a first-
order horizontal gradient and higher-order inhomogeneity after removing the satellite
clock, orbit, and site-specific (multipath) errors [27]. The carrier phase post-fit residual,
i.e., the observation minus model in GPS processing, is the delay that contributes to the
higher-order variability of the anisotropic component of the SWV. There are a number of
unmodelled errors in the post-fit phase residuals, including atmospheric delays, antenna
phase centre variations (PCV), station multipaths, satellite orbit and clock errors, and other
unmodelled errors not taken into account by GPS analysis. Typically, antenna PCV, site
coordinates, carrier phase ambiguities, satellite clocks and orbits, and mean atmospheric
delay can be properly modelled for use in meteorology, so that residual one-way phase
results are only influenced by atmospheric inhomogeneity and site-specific multipaths.

On the other hand, when employing SWV data, the number of observations increases
by roughly one order of magnitude, drastically improving the horizontal spatial distribu-
tions [28]. However, as no averaging takes place, the STD from the individual satellites
can be greatly impacted by noise in the GNSS phase observables, stemming mainly from
multipath effects. Usually, multipath effects can be reduced by averaging solutions over
sufficiently long timespans, e.g., 24 h or more, which is the reason why they have gener-
ally been neglected in routine daily solutions. However, it is now being recognized that
multipath effects have become a hindrance in the improvement of GNSS solutions, and
the International GNSS Service (IGS) identified the development of multipath mitigation
models as part of the third reprocessing campaign (http://acc.igs.org/repro3/repro3.html
accessed on 12 December 2022). The core of the problem lies in finding the optimal time
intervals for averaging and to achieve sufficient spatial sampling, whereas the effective-
ness of the model will also be a function of the environment, as changes in surface and
subsurface water content and changing vegetation will alter the average. Here, we have
further developed the approach by [29] stacking the undifferenced carrier-phase residuals
to derive a site-specific correction map, the so-called multipath stacking (MPS) map, which
is statistically robust using the congruent cell method [30]. We derive the MPS map from
post-fit residuals using a precise point positioning (PPP) strategy [31], and which allows
individual one-way multipath mitigation; thus, the signal direction between a station and a
GPS satellite can easily be understood. Therefore, this study’s main purpose is to derive
a higher-order tropospheric component of the SWV that has a reduced influence on the
site-specific multipath footprint using representative PPP residuals facilitated by an almost
congruent MPS map during the severe weather conditions that resulted in a devastating
flood in Istanbul, Turkey in July, 2017.

As part of this study, we also determine the amount of water vapour in the atmospheric,
which is related to the zenith wet delay (ZWD) [32]. Additionally, we also estimate the
horizontal gradients in the east–west and north–south directions using the GipsyX software
package from the Jet Propulsion Laboratory (JPL), imposing various constraints on its
fluctuations to ensure that they remain reasonable [33]. It is common practice to model
the time-varying tropospheric ZWD and horizontal linear gradients as a random walk
process [34]. It is anticipated that the zenith wet delay and gradients are not likely to
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change significantly over a brief period of time, and these atmospheric parameters are
treated as a stochastic process. An estimation of the ZWD or horizontal gradients requires
the selection of a certain class of stochastic processes to reflect tropospheric parameter
fluctuations, which are governed by some underlying physical processes. In this study,
the ZWD and horizontal gradient terms are modelled to vary according to random walk
processes [35–37], but the selection of the constraint magnitude in the stochastic process
noise to reflect the tropospheric variations during severe weather events has not been
fully studied. Researchers have imposed different degrees of constraints (see also [38–40]).
According to [37], a single stochastic process’s noise values should not be used for GNSS
stations around the globe or for different seasons. The degree of constraint also affects the
magnitude of both the estimated values and the post-fit residuals. Furthermore, we study
the effect of applying ZWD constraints and compare our GPS-derived SWD to that of our
computed SWD using the refractivity field of an NWP model, the latest state-of-the-art
global fifth generation reanalysis of the European Centre for Medium-Range Weather
Forecasts (ECMWF), ERA5 [41], using the ray-tracing technique.

Section 2 briefly introduces the PPP processing strategy and the data used in this
study. Section 3 briefly describes the severe weather event of 27 July 2017, and Section 4
describes the process of retrieving the STD from a numerical weather prediction model.
Section 5 elucidates the construction of multipath maps, and Section 6 describes STDs
generated from GPS. Section 7 introduces the results and Section 8 validates the GPS-based
estimate of the SWD with that of the ERA5 model based SWD. Section 9 discusses the
results, and finally, Section 10 concludes the work.

2. GPS Network and Data Analysis

We processed data from 55 selected continuously operating stations (CORS) GPS
stations for the period between the day of the year (DOY) 178, 2017 until DOY 239, 2017.
Forty-one stations belong to the CORS-TR GNSS network, which is a joint system of the
General Directorate of Land Registry and Cadastre and the General Directorate of Mapping
in Turkey; six are International GNSS Service (IGS) stations; seven belong to EUREF [42]
and lastly, LEMN is operated under NOANET [43,44] (see the details in Figure 1). The GPS
data were retrieved in RINEX v2 format with 30 s intervals and contain raw dual-frequency
carrier phase and pseudorange observations. The precise daily positions were estimated
using the GipsyX v1.7 GNSS software package based on a Kalman filter estimator [33] with
the PPP strategy [31]. In GipsyX v1.7, parameters were adjusted using the complex orbit
integrator package to estimate GPS satellite positions in each epoch with high temporal
resolution. We utilized only GPS observations with an elevation cut-off angle of 3 degrees,
except for the Turkish CORS-TR stations, which limits observation to a cut-off angle of
5 degrees, along with the high precision GPS orbit and clock products from JPL, which are
transformation parameters linking the fiducial free system to ITRF2014 [45]. In addition,
we used essential data such as Earth orientation parameters, differential code biases (DCBs),
eclipse shadow events, and an ocean tidal model. We employed the tidal constituent
coefficients of the finite element solution, the FES2004 model, [46] and for solid earth
tides, we used the International Earth Rotation and Reference Systems Service (IERS-10)
model [47]. We used VMF1 gridded map products for neutral atmospheric delay modelling
from [48] both wet and dry delays, as well as coefficients of the mapping functions
that explain the variability of the atmospheric delay over a significant portion of the
elevation range. We additionally adjusted the carrier phase measurements for ionosphere
effects by using mathematical linear combinations, which effectively eliminate first-order
ionosphere contributions [49]. A higher-order calibration of the remaining ionosphere
effects was implemented using IGS’s global ionospheric maps in conjunction with the
International Geomagnetic Reference Field (IGRF-12)’s new generation magnetic field
model [50]. We employed antenna calibration using the correct antenna phase centre model,
IGS14, for ground antennas accounting for both elevation and azimuth and elevation only
for satellites [51]. In this study, we chose ZWD to vary by as much as 5.4 m/

√
h and the
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horizontal gradient to vary by as much as 0.54 m/
√

h. The choice of stochastic process
noise also depends on the choice of elevation, which depend on data weighting in the
GipsyX v1.7 software package, according to the findings of [52].

Figure 1. Locations of the GPS sites used for this study. The grey shaded area in the larger scaled
map depicts the city boundaries of Istanbul.

These two tropospheric parameters were estimated every 30 s, site coordinates were
computed daily, and ambiguities were resolved to integers from the ionosphere-free phase
observations by utilizing the JPL-provided wide-lane phase bias constraints derived from
the global GPS network [53,54]. The post-fit carrier residuals were produced at every
30 s epoch. The JPL PPP strategy is based on Kalman filtering of zero-differenced range
and phase observables. The advantage of employing zero-difference observations is that
the individual line-of-sight post-fit residuals needed to generate the total slant delays
(STDs) are already accessible every 30 s. In other words, the PPP strategy is used to model
individual line-of-sight observations between the GPS receiver and the transmitting satellite
antenna. Today, a great deal of research is undertaken to develop methods that employ
the observations from multiple GNSS, i.e., multi-GNSS. As more and more GNSS stations
are upgraded to observe all GNSS, the IGS Multi-GNSS Experiment (MGEX) community
is working towards the provision of the high-accuracy satellite orbit and clock products
required by scientists [55]. Moreover, a receiver operating at the medium latitude and with
a 30 s recording interval can, in principle, probe the structure of the troposphere with up to
36,000 observations in 24 h. Li et al. [28] studied the significance of GNSS over GPS alone
for horizontal gradient retrieval and have demonstrated the GRD estimates to improve the
correlation between 20 and 35% compared to NWP-derived gradients. However, this study
is restricted to using GPS-only solutions because the study relies on the CORS-TR GNSS
network that is only capable of GPS satellite observations. Table 1 displays the parameters
used to estimate the ZTD.
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Table 1. GPS data processing details associated with the estimation of the ZTD and the values used
in GipsyX v1.7’s GPS data processing.

Configuration Parameter Comments

Strategy
Station processed in
the precise point positioning (PPP) mode;
using undifferenced phase observations

Standard JPL
setting

Orbits and clocks JPL final orbits and clocks
Standard JPL
setting

GPS raw data
RINEX v2 format
30 s sampling interval

Data from Turkish
holding

Mapping Function Vienna Mapping Function (VMF1) Selected in JPL

Phase elevation weighting;
elevation depending
inverse weights (sigma2 =)

1/sin(e) Selected in data
processing

Cut-off elevation angle 3◦ (5◦ for the CORS-TR stations)
Selected in data
processing

A priori zenith delay From VMF1 model
Selected in data
processing

Mapping function used
for zenith delay adjustment

VMF1 wet mapping
function; ZWD is constrained at
each epoch as a random walk
process noise uncertainties of
5.4 mm/sqrt (hr)

Selected in data
processing

Estimate of east–west
and north–south
gradients

Gradients are constrained at
each epoch as a random walk
process noise uncertainties of
0.54 mm/sqrt (hr)

Selected in data
processing

Sampling rate of
the ZTD estimates 30 s

Selected in data
processing

Ocean tide model FES2004 suggested by JPL

3. Severe Weather Event on 27 July 2017, in Istanbul/Turkey

On 27 July 2017, during the afternoon, a powerful supercell storm occurred in Is-
tanbul, Turkey, that brought with it extreme weather conditions such as hailstones the
size of eggs, strong winds, heavy lightning and a high amount of precipitation [56]. This
rapidly growing colossal supercell, which produced large hail, led to several injuries and
damaged automobiles, houses, aircraft, crops, and infrastructure in the city. To understand
this extraordinary unpredicted atmospheric event, the performance of an atmospheric
model, the weather research and forecast (WRF) model, was simulated using different
parameterization schemes [57]. It was found that sensitivity simulations produce different
rainfall distributions, and significant differences in the spatial patterns arise because of
the cumulus parameterizations [56]. At the same time, microphysics schemes seem to
affect the magnitude of the rainfall. According to the results, the movement of the cut-off
cyclone from the Middle East and the associated transport of warm air advection increased
low-level moisture convergence. Excessive wind shear values increased the thermal in-
stability conditions and brought in thunderstorms, stormy and gale wind gusts, extreme
lightning activity, large hailstones, and high hourly amounts of precipitation (38.7, 36.2,
29.8, and 27.2 mm in the Sisli, Kadikoy, Uskudar, and Fatih districts of Istanbul, respectively,
between 14:00 and 15:00 UTC), within the urbanized areas of the city.
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4. Slant Delay Estimates from the NWP Model—ERA5 Reanalysis Data

The microwave signals are delayed when travelling through the neutral troposphere.
This delay is determined by the difference between a signal propagating at light speed in
a vacuum and a signal travelling in the atmosphere (troposphere). The delay is directly
proportional to the refractive index, n, which is more effectively represented as a function
of the atmosphere’s refractivity, N. It is a function of the partial water vapour pressure e
and temperature T [58] and can therefore be estimated using the ideal gas assumption [59].

N = (n− 1)× 106 = k1
p− e

T
Z−1

d + k2
e
T

Z−1
w + k3

e
T

Z−1
w (1)

where p is the air pressure, and k1, k2, and k3 are refractivity coefficients that can be
estimated theoretically by fitting observed atmospheric observations. These constants are
taken from [58], and Z−1

d , Z−1
w are the inverse compressibility factors for dry air and water

vapour, respectively. Modelling the slant total delay involves the numerical integration
of the air refractivity along the signal path [60]. Recently, ray-tracing approaches have
become a valuable tool for determining the slant total delay [61,62]. A numerical weather
prediction model represents the state of the atmosphere in three dimensions and has
emerged as an essential tool for the nowcasting/forecasting of weather. The state-of-the-art
global fifth generation reanalysis of ECMWF, ERA5, [41] has a much higher spatiotemporal
horizontal resolution of 0.25◦ × 0.25◦ with hourly temporal resolutions compared with its
predecessors (ERA-I), from 31 vertical constant isobaric levels. The new version of ERA5
provides enhanced representations of convective systems, gravity waves, and synoptic-scale
structures in the atmosphere [63]. We used the ERA5 hourly refractive model products
to estimate the ZTD, slant total delay (STD) and east–west and north–south gradient
estimations using a ray-tracing algorithm. From the ERA5 data, the three-dimensional
refractivity field with appropriate spatial resolution and temporal resolution is derived
before applying the ray-tracing algorithm. For each GPS station, we selected the four
surrounding grid node values of pressure, temperature, and humidity and estimated the
refractivity values using Equation (1). Horizontal interpolation is usually carried out using
bilinear interpolation followed by vertical interpolation, assuming the refractivity varies
linearly in the horizontal direction and exponentially in the vertical direction [62,64]. A set
of ray-traced STDs for azimuth and elevation was estimated using the technique detailed
in [65]. The largest error in the estimated STDs was found for the ERA5 refractivity field
and an uncertainty of 10 mm close to the zenith and approximately 10 cm was found at an
elevation angle of 5◦ [66]. It is worth noting that none of our GPS tropospheric products
were assimilated into the ERA5 model; this data set, therefore, provides an independent
source of validation, see also [67]. The slant delay was estimated for the arc length of the
ray path, S , utilizing the average refractive index, n, between two successive rays with an
approximate formula (see, e.g., [68]):

STD = ∑
i
Si(ni − 1)× 106 (2)

The slant delay derived from ERA5 will aid in the validation of the slant delay derived
from our GPS processing method by enhancing the slant water vapour component via a
reduction in stationary site-specific multipath noise through the construction of multipath
stacking maps from undifferenced carrier phase residuals.

5. Construction of Multipath Stacking (MPS) Maps during Severe Weather

The post-fit one-way phase residuals include unmodelled (higher-order) atmospheric
delays as well as all nonatmospheric delays such as antenna phase centre variations (PCV),
station multipaths, satellite orbit errors, and unmodelled phase errors that are not taken into
account during GPS analysis. For meteorological applications, the site coordinates, phase
ambiguities, GPS orbits, antenna PCVs, and mean atmospheric delays can typically be
properly modelled, thus the unmodelled atmospheric slant delays only dominates the post-
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fit one-way phase residuals and ground scattered multipath [69–71]. Thus, the residuals
present an opportunity to extract higher-order atmospheric information as a function of
azimuth and elevation around a GPS station.

Multipath stacking (MPS) maps are an effective method for filtering multipath from
post-fit phase residuals. The unmodelled atmospheric delay fluctuates on a daily basis,
yet the multipath repeats in real-time [72]. As a result, the daily post-fit phase residuals
can be averaged across a number of days (stacking) to construct a multipath map [73].
These MPS maps can help to identify stationary multipath-affected regions as a function
of elevation and azimuthal directions, see Figure 2 a potential site for multipath errors.
For permanent stations, incorporating days or a few weeks of observations enables complete
coverage of the sky plot. During data processing, the MPS map can be either directly
subtracted from the residuals [74] or incorporated into modelled observations to correct
multipath effects [75]. To project the post-fit residuals in constructing the MPS maps,
the post-fit residuals are first gridded as a function of elevation and azimuth in almost
congruent cells [30], forming similar grid shapes and sizes. In forming the congruent cells,
the horizontal arc that subtends the azimuth remains constant with the variable azimuthal
increment with increasing elevation angle. In most cases, site-specific multipath mapping
employs constant resolutions in elevation and azimuth, e.g., [74,76], penalizing the number
of residuals at higher elevations. For congruent grid cells, each grid cell describes an equal
area in the sky, A, as shown in Equation (3)

Ar(θ
s
r , αs

r) =

{
ro · dαi · ro · cos(θs

r,i) · dαi︸ ︷︷ ︸
arc length

, θs
r,i ∈ [0◦, 90◦]

(3)

where dαj is the variable azimuthal increment in degrees and ro is the radius of the max-
imum horizontal circle, e.g., dαo = 1, ro = 180/π. Even though the elevation angle, θ,
increases, the arc lengths show similar values because of the variable azimuth, which makes
it easier to accurately measure site-specific impacts at both low and high elevation angles.
Each multipath value inside each area, A, was estimated by taking the block median of
the raw post-fit residuals, and the root mean square (RMS) for each grid cell. We fixed
the minimum number of residuals in each bin grid to 15 following [30]. Because the grid
block median value is based on the sample minimum number of residuals data and is also
sensitive to outliers, rigorous statistical outlier screening tests were performed to develop
a representative and reliable grid block median with the help of an iterative three-step
process that consists of identification, verification, and exclusion before the stacking process
was carried out. We applied the 3σ rejection rule for outlier detection, assuming normal
distributions. In principle, the number of epochs required to construct the stacking map
can be estimated from observations as short as a day but in general, 3–21 days provide the
best results [26,77,78]. Thus, the MPS map is constructed as

MPS(θs
r , αs

r) =

{
1
N

N
∑

i=1
Ress

r,i

∣∣ Ress
r,i ∈ Ar(θs

r , αs
r) (4)

The formulation described in Equations (3) and (4), which combines all the post-fit
residuals, Ress

r, inside area A, also termed stacking, see also [73]. To mitigate multipath
impacts, we subtracted the stacked multipath map data from the raw post-fit residuals (see
also [79]).

Res(θs
r , αs

r) = Ress
r,i −MPS(θs

r , αs
r) (5)

Stacking was performed on the previous 21 days of raw post-fit residuals to ensure
appropriate spatial coverage of cells with appropriate stacked values. The MPS map
was updated by adding the most recently processed day of the post-fit residuals into the
stacking map. For instance, Figure 3 depicts the one-way phase residuals as a function of
satellite elevation and azimuth angles using sky-plot representations at the SARY station
in Turkey on a day of the year (DOY), in 208, 2017. The lines in the map show the paths
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of the observed GPS satellite, with a cut-off angle of 5◦. The grey “hole” areas represent
the parts of the sky where no GPS phase residuals are available—an intrinsic design of the
GPS satellite orbital inclination angle for a station located north of the equator. Figure 3a
shows the raw post-fit residuals, Figure 3b shows the stacked multipath maps derived
from 21 days of data using an almost congruent cells technique and lFigure 3c shows
the corrected post-fit residuals that minimize the multipath footprint using Equation (5).
Figure 3d illustrates alternating patterns that imply a high degree of site-specific multipaths
very close to the SARY GPS station. The alternating strong scattering pattern from the GPS
antenna at SARY is considered to originate from several nearby electric power lines; see
Figure 2. After applying the MPS correction map, the oscillations are greatly minimized
and the large residual values displayed in Figure 3a almost disappear as shown in Figure 3c.
The corrected post-fit phase residuals range around ± 10 mm. Using three weeks of data
significantly reduces the influence of the potential site-specific multipath errors on the
residuals of the stacked values, with a reduction in RMS values across all elevation angles,
most notably at low elevation angles (see Figure 3c). The site-specific multipath originated
likely from several power lines in proximity to the SARY GPS station, which runs in the
west to east directions (see Figure 2), is no longer visible after the multipath corrections.
A similar result is also obtained for other stations, not shown here. Figure 3d shows the
same representation as the MPS map in Figure 3b but plotted after surface interpolation
to emphasize the footprint of a typical multipath. Additionally, the raw (in white) and
corrected (in grey shade) post-fit carrier phase residual RMS value summary is presented
in Table 2. The applicability of the MPS map resulted in a significant reduction in the RMS
of the post-fit residuals of less than 1.1 mm. Therefore, the MPS map allows the separation
of site-specific multipaths and the remaining unmodelled atmospheric slant delay.

Figure 2. The GPS station SARY in Turkey and its surrounding multipath scattering environment.
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Figure 3. (a) Sky plot of raw post-fit residuals at station SARY, Turkey, from the observed 21 days
post-fit residuals. Followed by (b), the MPS and (c) for the final corrected post-fit residuals obtained
by subtracting the MPS map and (d) shows 21 days of post-fit residuals as in (b) but interpolated
multipath map or so-called multipath footprint.

Table 2. RMS of the post-fit residual before MPS map correction (in white colour) and after (shaded)
with MPS map correction taken into account for different GPS stations for DOYs 201–209. See the
location of the GPS stations in Figure 1.

Name
DOY 201 202 203 204 205 206 207 208 209

AYVL
8.47 8.47 8.48 8.51 8.30 8.32 8.33 8.58 8.58
0.65 0.66 0.66 0.67 0.65 0.66 0.65 0.66 0.67

BAN1
8.81 8.94 9.00 9.02 8.90 8.90 8.87 9.10 9.10
0.72 0.73 0.74 0.74 0.74 0.74 0.74 0.74 0.74

COST
8.83 8.78 8.85 8.93 8.91 9.04 9.13 9.35 9.45
0.69 0.69 0.70 0.71 0.73 0.73 0.74 0.76 0.76

HEND
13.58 13.57 13.60 13.59 13.45 13.37 13.37 13.46 13.45
1.03 1.03 1.06 1.02 1.01 1.02 1.00 1.00 1.00

ISTN
9.59 9.56 9.80 9.86 10.05 10.05 10.02 10.23 10.23
0.78 0.78 0.76 0.75 0.76 0.76 0.76 0.77 0.76

IZMT
11.26 11.22 11.16 10.44 10.46 10.18 10.22 10.34 10.23
0.74 0.75 0.75 0.74 0.72 0.72 0.72 0.75 0.75

KARB
9.91 9.92 9.94 9.96 9.86 9.88 9.91 10.04 10.06
0.77 0.78 0.78 0.77 0.78 0.78 0.79 0.82 0.82

KIRL
10.59 10.53 10.54 10.38 10.11 10.14 10.24 10.29 10.28
0.76 0.76 0.77 0.76 0.75 0.75 0.78 0.78 0.77

SLEE
9.36 9.34 9.32 9.33 9.28 8.90 8.88 9.19 9.17
0.66 0.66 0.66 0.66 0.64 0.63 0.64 0.67 0.66

TEKR
9.70 9.67 9.68 9.61 9.47 9.55 9.56 9.66 9.71
0.78 0.78 0.78 0.77 0.76 0.77 0.77 0.77 0.77

ZONG
9.98 9.93 9.87 9.88 9.74 9.41 9.42 9.56 9.64
0.78 0.78 0.76 0.77 0.75 0.72 0.73 0.77 0.76
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6. Retrieval of Integrated Slant Total Delay from GPS

The troposphere induces a delay in the GPS as well as in very-long-baseline inter-
ferometry (VLBI) and synthetic aperture radar (SAR) signals and is due to refractivity
and scattering by tropospheric gasses and also hydrometeors [48,80]. The atmospheric
refractivity is the sum of refractivity owing to dry atmospheric gases and water vapour.
The relative concentration of various gases in the dry atmosphere is fairly constant and
predictable and therefore is not a source of significant GNSS coordinate error [81]. Although
water vapour is the most variable component of the atmosphere, it is difficult to estimate.
The estimation of ZTD relies on the assumption of azimuthal symmetry [82,83], which
restricts the accuracy and spatial resolution of GPS sensed water vapour, but benefits noise
reduction associated with averaging on over longer time series. Alternately, one can attain
a greater spatial resolution by accounting for the integrated water vapour or “slant water”
delay (SWD) along each ray path between the satellite and receiver antenna. The SWD is
calculated by calculating for the total slant delay along individual line of sight and then
removing the dry component of the tropospheric slant total delay (STD). The carrier phase
measurements, Φs

r, from the GPS satellites, s, as measured by the GPS receiver, r, at a
particular epoch takes the form (see, e.g., [84])

Φs
r = ρs

r +N s
r λ + STDs

r − Ions
r + c(δs − δr) + εi (6)

where ρ is the distance between the GPS satellite and receiver,N is carrier phase ambiguity,
λ is the wavelength, c is the speed of light in a vacuum, and ε is the residual, which
mainly comes from site specific errors. δr and δs are the receiver and satellite clock error,
respectively. STD is the tropospheric slant delay due to the neutral atmosphere, and Ion
represents propagation delays due to the ionosphere. The STD cannot be computed directly
from Equation (6) as the number of unknown parameters would exceed the number of
observations [66,85]. The STD in Equation (6) is often represented as a function of the
zenith total delay and its constituents, i.e., ZHD and ZWD (or have a first-order horizontal
gradient) with particular mapping functions assuming that the atmospheric density and
water vapour are uniform in the horizontal direction [86]. The primary benefit of averaging
is noise reduction; however, it inevitably results in a loss of information. The availability
SWD estimates may aid in reconstructing the three-dimensional tropospheric water vapour
content. Determining the values of SWD and, subsequently, slant water vapour (SWV) has
been the subject of extensive research and development over the past few decades. As a
result, contributions to the path delay that are not captured by the model parameters in the
GPS least square solutions end up in the line-of-sight post-fit residuals. They are indicative
of the anisotropic component of the atmosphere [87], i.e., higher-order inhomogeneity of
the atmosphere. However, the post-fit residuals are primarily influenced by unmodeled
atmospheric effects, while the impact of other sources of uncertainty is minimized. In this
study, we decompose the STD as the sum of isotropic and anisotropic mapping functions by
including the GPS carrier phase post-fit residuals [88]. This reconstructs the separate slant
delay measurement, which may contain unmodelled effects such as the 3D distribution of
the state of the atmosphere as expressed in Equation (7)

STD(α, θ) =m(θ, ah, bh, ch) · ZHD + m(θ, aw, bw, cw) · ZWD︸ ︷︷ ︸
isotropic

+ mg(θ) · [GN · cos(α) + GE · sin(α)] + Res(θs
r , αs

r)︸ ︷︷ ︸
anisotropic

(7)

where ZHD is the zenith hydrostatic (dry) delay and ZWD is the zenith wet delay with
gradient vector G = (GN , GE), which represents the magnitude and direction of the tropo-
spheric delay horizontal linear heterogeneity of the water vapour above each GPS station
with respect to the direction of the satellites. The angles θ and α describe the elevation and
azimuth for each observed satellite, respectively. mh(θ) and mw(θ) are hydrostatic and wet
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mapping functions with specific coefficients ah; bh; ch and aw; bw; cw, respectively. The vari-
able mg(θ) is the horizontal gradient mapping function [89] and Res is the phase post-fit
residual. The difference between the final model results of GipsyX and the ionospheric free
linear combination of the L1 and L2 carrier phases and pseudorange observations, largely
includes site-specific errors and other unmodelled errors during GPS data processing.
It is important that the unmodelled errors should be minimized in the analysis of STD
while maintaining the atmospheric anisotropy information content. To better estimate the
STD, we constructed site-specific MPS maps from long-term observations by assigning the
post-fit residuals as a function of the azimuth and elevation grid cells [29,74,75] and with
further improvement in MPS maps by employing the almost congruent cells technique [30].
As in ZTD, STD can be separated into two components: slant hydrostatic delay (SHD)
and SWD. From Equation (7), disregarding SHD, the SWDs

r between a GPS antenna, r and
satellite, s, can be written as:

SWD(α, θ)s
r = m(θ)s

r · ZWD + mg(θ) · [GN · cos(α) + GE · sin(α)] + Res(θs
r , αs

r) (8)

If we lump the ZWD and horizontal gradients together, denote the post-fit residuals
now considered as a residual slant wet delay, and subsequently convert the slant wet delay
to the associated slant water vapour (SWV) by conversion factor Π, Equation (8) can be
written as

SWD(α, θ)s
r =

1
Π
[SWVs

r + δSWVs
r] = m(θ)s

r[PWVr + δPWVr] (9)

δSWVs
r represents the anisotropic high-order tropospheric information derived from

the post-fit residuals corrected by site-specific errors such as multipath errors and multiplied
by Π(Tm). The dimensionless quantity Π can be estimated from the weighted average
temperature profile of the atmosphere above each GPS receiver [90]. In the zenith direction,
the amount of integrated water vapour is related to the length of an equivalent column of
liquid water, which is customarily called precipitable water. Estimating SWV in Equation (9)
brings problems compared to PWV due to noise such as unmodelled errors during GPS
processing from different sources, mainly due to site-specific ground reflected multipaths.
An average over a certain temporal window and from multiple satellites is needed to
extract optimal information from δSWVs

r.

7. Results
7.1. Zenith Wet Delay

This section presents the derived GPS meteorological parameters pertaining to water
vapour transport and the detection of convective events. The estimated zenith wet delay
from our PPP GPS processing is a proxy for the amount of water vapour in the troposphere.
It can also be converted to integrated water vapour or PWV to provide more beneficial
information in meteorological applications and easily compared with other in situ obser-
vations. The scaling parameter to convert from ZWD to PWV or IWV largely depends on
the integrated mean temperature between the GPS station and the satellite path. The mean
temperature Tm is typically estimated from the surface temperature Ts observed at the GPS
station or from the model surface temperature following a linear relationship between
them. [91] have proposed a linear relationship between Tm and Ts based on radiosonde
data over the USA. [90] have used eight radiosonde sites using more than 4000 profiles
over Turkey and computed a more appropriate model to convert the surface temperature
to mean temperature.

Tm = 0.80× Ts + 48.55 (10)

Figure 4 shows the precipitable water vapour every 30 s epoch in millimetres for
selected stations (ISTN, KARB, SLEE, ZONG) along the coast of the Black Sea, Turkey,
from our PPP solutions on DOY 208 in 2017. Similar maximum PWV values were collec-
tively attained from the four stations as the convective storm passed the area. The PWV
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started to increase at a rapid rate at approximately 12 UTC at the ISTN, KARB, and SLEE
stations, possibly indicating the onset of a convective storm near these stations and contin-
ued to increase until 15:15 UTC and 16 UTC for at KARB and SLEE stations, respectively.
The maximum PWV content was noted in the city of Sile, Turkey, just before 16 UTC. This
result correlates well with the maximum precipitation zone period based on satellite rainfall
data. The rainfall estimates were obtained from the Integrated Multisatellite Retrievals for
Global Precipitation Measurement (IMERG) product of the Global Precipitation Measure-
ment (GPM) satellite program [92]. Local precipitation totals can be much more significant
when measured from the ground. Soon after 16:00 UTC, the water vapour began to weaken
and slowly decreased; its minimum value was found at 19:00 UTC and 20 UTC at the KARB
and SLEE stations, respectively. The GPM rainfall also moved north-east towards the Black
Sea, further away from Istanbul and the surrounding coastal areas. The PWV started to
increase again at 17:45 sharply at the ZONG station before intense rainfall overwhelmed
the area surrounding the station; it was therefore preponderant before the onset of intense
precipitation. However, the PWV at ZONG station started to drop sharply and the mini-
mum PWV was noted at approximately 21:30 UTC. One possible explanation for the drop
in PWV is the transformation of water vapour into liquid water, i.e., water phase change.
The wet delay is linked to the inherent dipole moment of water vapour [93]. The wet delay
during GPS measurements by liquid water is proportional to the dielectric properties and,
as a result, is significantly lower than the water vapour’s delay.
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Figure 4. The propagation of the convective event as seen in GPS derived PWV at KARB (pink),
ISTN (slate blue), SLEE (light pink), and ZONG (dark pink). The GPS-derived PWV time series of
four (3) stations oriented on an east–west axis on 27 July 2017. Separation distance between KARB
and SLEE is 79 km and that of SLEE and ZONG is 186 km. The GPS names follow the local toponymy.
Precipitation rate can also be plotted with different colour bars.

Landfall movement of the rainfall moved mainly from the south-west; we deduced
this movement of the precipitation using the dense array of GPS stations within Turkey.
By estimating the maximum cross correlation between pairs of PWV time series, it was
feasible to directly estimate the time interval between the PWV crest of one station, and that
of another station, or how long it takes to get from one station to another. As an example,
we matched the crests of KARB and SLEE stations, as shown in Figure 5a. The maximum
cross correlation between the two stations appears to match when we shifted the data
from the KARB station, which is located 79 km west of the SLEE station by approximately
35 min; this implies a wind speed of up to 125 km/h. In Figure 5b, we did a similar
cross-correlation between SLEE and ZONG stations, which are 186 km apart, a time shift of
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265 min was needed to produce the maximum correlation with the respective PWV time
series. We further expounded the cross-correlations between 17 selected stations, as shown
in Figure 5d. This resulted in the heatmap plot shown in Figure 5c, which is representative
of the maps of water vapour transport in the area. This indicates that the transport of the
water vapour moisture field along the coast of the Black Sea revealed a maximum wind
speed as the water vapour moves with much severity. In particular, the GPS-derived IWV
indicated enhanced transport along Kıyıköy-Karaburun-Sile on the Black Sea coast. This
transport was reduced as the water vapour field moisture moved towards Zonguldak city.
Baltaci et al. [56] have shown an observed wind speed at 31.9 m/s (115 km/h) around the
Kadikoy area, not far from the city of Istanbul. We also estimated a comparable wind speed
in the area between the stations ISTN and IZMT, see Figure 5c,d.
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Figure 5. To measure the movements of the landfall (proxy to the maximum water vapour PWV)
between GPS stations, we measured the time elapsed between PWV crests of two stations by first
locating the maximum cross-correlation involving the PWV time series for a pair of stations. (a) The
red and the blue vertical line depicts the PWV crests for stations KARB and SLEE, respectively, and
(b) for stations SARY and SLEE. (c) We expounded the crest correlations between 17 pairs of GPS
stations and produced a heatmap that translates the time interval to the propagation speed pf the
storm. (d) shows all 17 stations used for the heatmap.

7.2. Exploring Post-Fit Residuals

The post-fit residuals from the phase observations derived from our GPS processing
can be used to examine each station’s data quality and environmental characteristics [54].
The post-fit residuals are a function of azimuth and elevation angles and vary depending
on the multipaths scattering environment [72]. After correcting for the influence of site-
specific multipath, the “cleaned” phase residual may provide more insight into the higher-
order atmospheric signature during severe weather events and during the passage of
convective systems. Unlike the two directional horizontal linear gradient estimates from
our GPS processing, which provides the mean field, the post-fit residuals may also provide
a higher-order anisotropic water vapour field from individual GPS stations along the ray
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path between the GPS station and a satellite (see also, [94]). Figure 6 shows the changes
in the post-fit residuals for two satellites, PRN10 and PRN21, plotted as a function of
the azimuth and elevation angles for DOY 206, a dry day. Figure 7 shows the severe
weather conditions (DOY 208) at SLEE station. The post-fit residuals in wetter areas
(positive values, shown in red) and drier areas (negative values, shown in yellow) reflect
an excursion normal to the satellite tracks. Regarding the satellite tracks for both satellites
on DOY 208, the post-fit residual size dramatically increased at approximately 16:00 UTC,
suggesting weather condition and anisotropic atmospheric variations. To confirm the
sources of these elevated post-fit residuals, we plotted the global gridded precipitation
from the Integrated Multi-SatellitE Retrievals for GPM (IMERG), a product of the Global
Precipitation Measurement (GPM) satellite mission [92]. Indeed, the lower panels in
Figure 7 show a significant precipitation rate at approximately 16:00 UTC, which coincides
with significant variations in the post-fit residuals at both the ISTA and SLEE stations.
This indirectly shows that this atmospheric phenomenon is poorly modelled using GPS
processing; instead, this signal is relegated as part of the error budget in the form of
post-fit residuals. As for DOY 206, a dry day, the phase residuals do not reflect any
enhancements; on the other hand, the post-fit residuals on DOY 208, a wet day, reflect
changes in the weather conditions in the area. The RMS scatter significantly increased from
4.5 mm to 11.4 mm for the PRN21 satellite on DOYs 206 and 208, respectively. The RMS
scatter for the PRN10 satellite changed from 4.1 mm to 14.1 mm on DOYs 206 and 208,
respectively. These results suggest that the post-fit residuals contain additional anisotropic
atmospheric moisture fields that are not present in the isotropic background precipitable
water vapour typically estimated from the zenith wet delay, albeit site-specific multipaths
could potentially be present. If uncorrected, the multipath maps could be mismodelled
onto the phase residuals. One caveat is that the post-fit carrier phase residuals show
some dependencies in the amount of constraint applied to the ZWD and horizontal linear
gradients. We performed five runs of constraint variations of ZWD and horizontal linear
gradients by a random walk process with the following noise intensities: 1 mm /

√
h and

0.1 mm /
√

h; 5 mm/
√

h and 0.5 mm /
√

h; 10 mm/
√

h and 0.1 mm/
√

h; 50 mm/
√

h and
5 mm/

√
h; and finally, 100 m/

√
h and 10 mm/

√
h. The modulus of the post-fit variations

from the five runs is shown in Figure 8 and varies according to the constraint set to ZWD
and horizontal linear gradients during our GPS processing. The post-fit residual variations
are more apparent, particularly when the convective storm strikes the area as captured
by the SLEE station in Figure 8a and the ISTN station in Figure 8b. When the ZWD and
horizontal gradients are constrained tightly, i.e., at noise intensities of 1 mm /

√
h and

0.1 mm /
√

h, respectively, the post-fit residuals become unusually higher during severe
weather events, shown in solid red colour. In contrast, the post-fit residuals are of a
smaller magnitude when the constraint is loose/relaxed, as shown in solid pink colour in
Figure 8a,b . For the two extreme constraints, up to 60 mm differences in post-fit residuals
could be observed as shown in Figure 8a for the station SLEE. However, well before the
storm strikes the area, the post-fit residuals show negligible dependencies on the amount
of constraint set to the post-fit residuals. On the other hand, the ZWD estimate shows more
variability when the constraint is loose and less variability when the constraint is tight,
as shown in Figure 9.



Atmosphere 2023, 14, 219 16 of 26

(ISTA)

38

40

42

44

25 30

(c)

17 UT

ISTA

0 5 10 15 20 25

mm/hr

  Precipitation Rate  

38

40

42

44

25 30

SLEE

(SLEE)
17 UT

(d)

0 5 10 15 20 25

mm/hr

  Precipitation Rate  

0°
30°

6
0
°

9
0
°

1
2
0
°

150°

180°

210°

2
4
0
°

2
7
0
°

3
0
0
°

330°(a)

75 mm

10:00

11:00

12:00

13:00

14:00 15:00

16:00

17:00

ISTA
DOY:206
PRN21

residuals

0°
30°

6
0
°

9
0
°

1
2
0
°

150°

180°

210°

2
4
0
°

2
7
0
°

3
0
0
°

330°(b)

75 mm

13:00

14:00

15:00

16:00

17:00 18:00

19:00

SLEE
DOY:206
PRN10

residuals

Figure 6. Sky plots of GPS post-fit residuals as a function of satellite azimuth and elevation angles for
station ISTA (a) and SLEE (b), Turkey for DOY 206 during calmer atmospheric conditions. The post-fit
residuals, red (positive) and yellow (negative), show an excursion normal to the satellite tracks with
small signature. The lower panels (c,d) represent precipitation provided by the IMERG product on
DOY 206 during the calmer atmospheric conditions.
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Figure 7. Sky plots of GPS post-fit residuals as a function of satellite azimuth and elevation angles
for the station ISTA (a) and SLEE (b), Turkey, for DOY 208 during severe atmospheric conditions.
The post-fit residuals, red (positive) and yellow (negative), show an excursion normal to the satellite
tracks with significantly larger signature. The lower panels (c,d) represent precipitation rate estimates
provided by the IMERG product on DOY 208. The precipitation rate is much more intense during this
period, and the post-fit residuals show significant variations around 17:00 UTC local time. The deepest
reds depict areas getting the most rainfall. Local rainfall could be notably higher when measured
from the ground level, see Section 3.
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Figure 9. Constraint sensitivity of (a) ZWD estimates by random walk processing with a noise
intensity at different values for post-fit residuals, and (b) first differenced ZWD estimates, that is,
the difference of successive values of random walk process, which is equivalent to white noise process.
The applied constraints for ZWD estimates vary from 100, 50, 10, 5, and 1 mm/

√
h, whereas those for

horizontal gradients vary from 10, 5, 1, 0.5, and 0.1 mm/
√

h.
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7.3. Isotropic and Anisotropic Slant Perceptible Water Vapour

In this section, we show the influence of moisture and small-scale variation observed
in the anisotropic component of the slant precipitable water vapour (δSWV) associated
with severe weather convective storms. In general, the isotropic component is the dominant
factor the SWD measurements (with the implicit assumption that the dry component is
already subtracted from the total slant delay), and its temporal variation closely mirrors the
changes in PWV. The anisotropic component, δSWVs

r, can be estimated by first modelling
and consequently removing the delay that contributes to geometrical delays (troposphere,
ionosphere), and clock delays, using the second term in Equation (9). The anisotropic
component of the SWD, is therefore, constructed from phase observations minus the
model, which invariably may contain unmodelled useful information for weather models.
Figure 10a,c show the isotropic component of the slant precipitable water vapour, SWV,
along the direction of individual satellites during severe weather events. Figure 10b,d show
the anisotropic component the precipitable slant water vapour, and its magnitude attains a
maximum of 20 mm the SLEE station and as large as 40 mm at the ISTA station. At the SLEE
station, the anisotropic variation is as large as 12 mm, scaled to the zenith, of the equivalent
isotropic precipitable water vapour, and at the ISTA station, this variation is as large as
7 mm in equivalent perceptible water vapour. In these severe weather conditions, the δSWV
is reconstructed from the unmodelled line-of-sight post-fit residuals with magnitudes
that are as much as 20% of the isotropic component, i.e., the SWV. The elevation angle
in Figure 10 is shown in grey, indicating the longer paths each individual satellite takes
through the planetary boundary layer.
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Figure 10. Time series of GPS slant water vapour observations in the direction of individual satellites.
(a,c) contain the isotropic component of the precipitable slant water vapour for satellite PRN10 and
PRN21 for the station SLEE and ISTA, respectively. (b,d) show the anisotropic component of the
precipitable slant water vapour for PRN10 and PRN21 for the station SLEE and ISTA, respectively.
The satellite elevation angle is depicted in all panels as the grey line.

7.4. Influence of the MPS on the Anisotropic Perceptible Slant Water Vapour

Following the construction of the MPS maps in Section 5, we applied the multipath
signature to reduce its influence before converting the post-fit residuals to the anisotropic
precipitable slant water vapour component. As stated in Section 5, the post-fit residuals con-
tain primarily multipaths in addition to higher-order atmospheric signals. To reduce these
errors, the post-fit residuals were averaged for 21 days to produce the MPS maps as shown
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in Figure 3. The time series in Figure 11 shows the anisotropic precipitable slant water
vapour observations in the direction of an individual satellite with and without applying
site-specific multipath correction modelling. Figure 11a,b contain the anisotropic, δSWV,
without multipath corrections in red and with multipath corrections in blue. Figure 11c
again shows the anisotropic slant precipitable water vapour for satellite PRN21 before
(in red) and after (in blue) the MPS map corrections are enforced. It is again evident that
the multipath effect at the SARY station shows a pronounced effect even at such a high
satellite elevation angle and shows all the multipath characteristics. It is therefore necessary
to apply multipath corrections. As a result, this effect is reduced; see the blue solid line
in Figure 11c. Figure 11b,d show the difference between the corrected and uncorrected
anisotropic slant precipitable water vapour, with magnitudes ranging between −5 mm to
3 mm. At the SARY station, 5 mm variations in SPWV can induce as much as 4.3 mm in
equivalent PWV at the 60◦ elevation angle. The satellite elevation angles for PRN08 and
PRN12 as seen from the SARY station are plotted in grey.
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Figure 11. Time series of anisotropic slant precipitable water vapour (δSWV) observations in the
direction of PRN08 and PRN21 satellites with and without applying site-specific multipath correction
at station SARY. The panels (a,c) contain the anisotropic, δSWV, without multipath corrections in red
and with multipath corrections in blue. The panels (b,d) contain the differences between the blue and
the red lines. The satellite elevations angle for PRN08 and PRN21 as seen from the SARY GPS station
is plotted in grey.

8. Validation Comparisons of GPS-Based Slant Water Vapour with ERA5

Our PPP processing does not directly determine the SWD. However, we reconstructed
the slant wet delay from the zenith wet delay projected to the line-of-sight and incorporated
the linear gradients and the anisotropic residuals from the post-fit residuals. Typically,
a collocated water vapour microwave radiometer (WVR) measurement is used to compare
the GPS-derived slant water delay [25,26]. Because no GPS station in our study area is
equipped with a WVR instrument, we instead focused our comparisons with that of the
ERA5 model derived slant total delay using ray-tracing techniques [65,66]. ERA5 has
limited temporal and spatial resolution and offers no small-scale water vapour fluctuations;
thus, the comparison with the GPS slant delay has some caveats. Because the slant wet delay
in Figure 12 exhibits a considerable elevation angle dependency (the smaller the elevation
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angles are, the greater the GPS signal travel time delays generated by the atmosphere),
it is, therefore, advantageous to plot the discrepancies between GPS and ERA5 SWDs as
a function of elevation angle. At a higher elevation angle, the agreement is much better,
as depicted for the YENC station in Figure 12a, for the SLEE station in Figure 12b, for the
ZONG station in Figure 12c. The green circles represent the GPS-derived SWD at 30 s epoch
resolution, and the magenta circles represent the ERA5 model-derived SWD at an hourly
resolution. As shown in Figure 12b for the SLEE station, the ERA5 model is incapable
of resolving the atmospheric variability structure of the SWD between 15 and 20-degree
elevation angles, for DOY 208, coinciding with the severe weather event. Figure 12d–f
shows, more conveniently, the differences between ERA and GPS-derived SWD (∆SWD) for
the case where the post-fit residuals along with the MPS correction maps are incorporated,
only the residuals are included in the SWD and finally for the case where neither the
post-fit residuals nor the MPS correction maps are incorporated, respectively. The ∆SWD
is depicted in solid grey circle represents an individual SWD difference with outlying
differences initially identified using the widely known 3-sigma rule and consequently
removed. Finally, the derived average bias (red line) and standard deviations (SDs) (in
black line) of the differences for all the 55 GPS stations for DOY 206, 2017 until DOY 210,
2017 is depicted in Figure 12d–f. The SDs and the bias were computed for the elevation
angles 7◦–90◦ with a step size of 1◦. In particular, the standard deviation shows elevation
angle dependencies, whereas the bias shows little to no elevation angle dependencies.
The bias between GPS and ERA5 SWD is about 2.91 mm and the SD at 40.96 mm for the
case neither the post-fit residuals nor the MPS correction maps are incorporated in the
comparisons. The bias between GPS and ERA5 SWD is about 3.00 mm, and the SD becomes
42.96 mm including the raw post-fit residuals only. For the case with post-fit residuals and
MPS corrections are applied in the GPS-derived SWD, the bias difference is 2.99 mm and
the standard deviation becomes 42.50 mm.
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Figure 12. Slant wet delay estimates from GPS (green circles) and the corresponding ERA5 reanal-
ysis derived SWD (magenta circles) for stations YENC (a), SLEE (b), and ZONG (c). (d) shows
the SWD differences between GPS and ERA5 SWD for DOY between 206 and 210, 2017, for all
55 stations. The GPS-derived SWD includes post-fit residuals, and MPS correction maps are incorpo-
rated. (e) shows the SWD differences, where the GPS-derived SWD includes only post-fit residuals.
(f) shows the SWD differences, where the GPS-derived SWD does not include both post-fit residuals
and MPS correction maps. The red line represents the average biases for all the stations and the black
line for the average standard error as a function of elevation angle. The ERA5 SWD has a temporal
estimate every hour, while our GPS-derived SWD provides solutions every 30 s.
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9. Discussion

In this study, we estimated the isotropic component of the slant wet delay (SWD) and
the unmodelled line-of-sight related to the anisotropic component of the SWD. For studies
concerning severe atmospheric conditions and other convective initiation processes, a nu-
merical weather prediction model will benefit from a more spatially detailed reconstruction
of isotropic and anisotropic components of the SWD from the line-of-sight observations.
In order to determined whether the observed high anisotropic values are the signature
of atmospheric properties, we compared our PWV with the rainfall data from GPM and
a good match was noted. We showed that the δSWV constructed from our GPS post-fit
residuals significantly increased during severe atmospheric conditions; a similar result
was also found in [10]. An elevated value of δSWV was not found for the same station
during a drier day, and thus suggesting that the δSWV enhancement during storm events
was due to rain scattering. During the severe weather event in Turkey, we found the
anisotropic component to be as large as 20% of the isotropic component of the precipitable
water vapour; a similar result was also achieved in [82]. Thus, the reconstructing of δSWV
from post-fit residuals from GPS processing could be useful for rain characterization for
tomography studies [86] and data assimilation in NWP models [10]. However, the direct
construction of the δSWV from post-fit residuals is not possible. The post-fit residuals
include several noise sources, mainly due to site-specific multipaths, unmodelled satellite
orbits, clocks, antenna phase centre variations, and errors in mapping functions. Thus,
a filtering technique is necessary to reduce these sources of noise. In this study, a multipath
stacking map was devised using 21 days of post-fit residuals, and a correction was applied
to reduce the multipath noise, which has been shown to severely affect the SARY station in
Turkey, likely due to the nearby electric power lines. Our multipath stacking filter reduced
the RMS values from 13 mm to 1 mm, a significant improvement using an almost congruent
cell technique [30], which improves the number of post-fit residuals represented across all
elevation angles. The study further elucidated that the multipath effect for severely affected
areas due to many scattering environments around the GPS station adversely affects the
estimated post-fit residuals. For a station such as SARY, where the scattering environment
affected the GPS signal at even higher elevations, as depicted in Figure 4, the effect on the
anisotropic component of the slant wet delay reached up to 5 mm, that is an equivalent
precipitable water vapour signal of 4.3 mm when scaled to the zenith direction. For global
NWP models, the accuracy threshold for PWV (IWV) is 5 mm, as shown in the EUMETNET
EIG GNSS water vapour program [95] or based on the World Meteorological Organisation
(https://space.oscar.wmo.int/variables/view/integrated_water_vapour_iwv accessed on
15 November 2022). Thus, the induced error of 4.3 mm due to the uncorrected multipath to
the anisotropic contributions almost reached the threshold of what is required for numerical
weather prediction but is certainly much larger than the goal, which is an accuracy threshold
of with a goal of 1 mm [95]. Given the variability of the atmospheric heterogeneity during
severe weather events, in this respect, we used a 30 s sampling interval for tropospheric
delay estimation using the GipsyX v1.7 software, but also looked at the impact of the
processing parameters in particular random walk parameters of the noise in the zenith wet
delay and horizontal gradients. Depending on the choice of the random walk constraint,
the post-fit residuals varied significantly. If the constraint was chosen loosely, the post-fit
residuals decreased, as most of the variability goes to the estimated ZWD and gradients,
and when the constraint became tighter, the post-fit residuals become significantly larger
while the variability in the ZWD and horizontal gradients estimate decreased. Nevertheless,
this is not the case during a dry day, with almost negligible dependency on the constraints
applied to the random walk process. We showed the findings of comparing the ERA5
NWM ray tracing results with the GPS-derived slant wet delay. The biases between the
GPS-derived and ERA5 show almost negligible differences whether or not we took into
account the post-fit residuals, cleaned post-fit residuals by including MPS correction maps
and without the post-fit residuals. The impact of incorporating the cleaned post-fit residuals

https://space.oscar.wmo.int/variables/view/integrated_water_vapour_iwv
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only show a marginal improvement in the bias and standard deviations, with a somewhat
worse bias and standard deviation relative to the raw SWD estimate from GPS solution.

10. Conclusions

The results of the case studies suggest that slant tropospheric delay based on post-fit
residuals represents the inhomogeneous distribution of water vapour along the ray path
between the satellite and receiving antennas, which is not modelled by the mapping func-
tion and a linear tropospheric gradient model. During the drier days, the post-fit residual
offers little to no information regarding the atmosphere is inhomogeneity compared to
the wetter days, as most of the variations are captured by ZTD and/or horizontal gradi-
ents. On the other hand, during the passage of the severe weather system that caused
a catastrophic flood in Istanbul, Turkey, in July 2017, the one-way post-fit residuals at
multiple GPS stations exhibited significant increases in their values. We thus conclude that
the slant tropospheric delay contains physically meaningful information for monitoring
water vapour activity during periods of convective weather conditions. The technique
of sensing precipitable slant water vapour has the potential to provide finer atmosphere
variability and can be further input to numerical weather models for nowcasting and
forecasting. In the event of severe weather, the reconstructed anisotropic atmospheric
structure from post-fit residuals provides a fine structure of the atmosphere; nevertheless, it
is highly impacted by site-specific multipaths at low elevation angles and, even surprisingly,
at higher elevation angles. We found that the anisotropic component of the precipitable
water vapour during the severe weather event in Turkey could reach as large as 20% of the
isotropic component. With the numerical weather prediction requirements of the accuracy
of PWV, i.e., a threshold of 5 mm, this study shows that the multipath errors need to be
reduced to provide sufficiently accurate PWV estimates. Our new multipath stacking maps
include any intrinsic antenna phase centre variations and any stationary site-specific noise
resulting in the surrounding scattering environment that occurs at a regular spatial interval
as a function of elevation and azimuth. Thus, the MPS maps perform well; in doing so,
the stacking map can potentially be used to improve the accuracy of other geodetic parame-
ter estimates as well and be useful to provide further information in GPS water tomography
modelling. Furthermore, the constraints as a random walk process significantly impact
the post-fit residuals during the passage of convective weather event. The choice of the
constraint determines the magnitude of the anisotropic information resulting from our GPS
processing to reflect the rapid variability of the atmosphere. In GPS processing, the inferred
zenith wet delay and horizontal gradient temporal variation as a random walk stochas-
tic process are assumed but are not adequately represented during high-impact weather
events. Our sensitivity study of the constraints shows that the choice of stochastic process
noise results in significant differences in the magnitude of post-fit residuals. An optimal
choice of the constraint can be inferred from using nearby collocated microwave radiometer
measurements. The results of our GPS-based slant wet delay are compared with those of
the ERA5 reanalysis estimated slant wet delay. The differences in SWD between GPS and
ERA5 show a dependency on the elevation angle, with higher differences manifested at
lower elevations indicating longer path traversed by individual satellites take through the
planetary boundary but much lower values close to the zenith direction. On the other hand,
the fractional SWD showed no dependencies to elevation angle. However, the model slant
wet delay from the ERA5 model is far from resolving the atmospheric variability during
severe weather events.
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