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Abstract: Antarctica has a significant impact on global climate change. However, to draw climate
change scenarios, there is a need for meteorological data, such as water vapor content, which is
scarce in Antarctica. Global navigation satellite system (GNSS) networks can play a major role in
overcoming this problem as the tropospheric delay that can be derived from GNSS measurements is
an important data source for monitoring the variation of water vapor content. This work intends to
be a contribution for improving the estimation of the zenith tropospheric delay (ZTD) obtained with
the latest global pressure-temperature (GPT3) model for Antarctica through the use of long short-
term-memory (LSTM) and radial basis function (RBF) neural networks for modifying GPT3_ZTD.
The forecasting ZTD model is established based on the GNSS_ZTD observations at 71 GNSS stations
from 1 January 2018 to 23 October 2021. According to the autocorrelation of the bias series between
GNSS_ZTD and GPT3_ZTD, we predict the LSTM_ZTD for each GNSS station for period from
October 2020 to October 2021 using the LSTM day by day. Based on the bias between LSTM_ZTD
and GPT3_ZTD of the training stations, the RBF is adopted to estimate the LSTM_RBF_ZTD of the
verified station, where the LSTM_ZTD represents the temporal forecasting ZTD at a single station,
and the LSTM_RBF_ZTD represents the predicted ZTD obtained from space. Both the daily and
yearly RMSE are calculated against the reference (GNSS_ZTD), and the improvement of predicted
ZTD is compared with GPT3_ZTD. The results show that the single-station LSTM_ZTD series has a
good agreement with the GNSS_ZTD, and most daily RMSE values are within 20 mm. The yearly
RMSE of the 65 stations ranges from 6.4 mm to 32.8 mm, with an average of 10.9 mm. The overall
accuracy of the LSTM_RBF_ZTD is significantly better than that of the GPT3_ZTD, with the daily
RMSE of LSTM_RBF_ZTD significantly less than 30 mm, and the yearly RMSE ranging from 5.6 mm
to 50.1 mm for the 65 stations. The average yearly RMSE is 15.7 mm, which is 10.2 mm less than
that of the GPT3_ZTD. The LSTM_RBF_ZTD of 62 stations is more accurate than GPT3_ZTD, with
the maximum improvement reaching 76.3%. The accuracy of LSTM_RBF_ZTD is slightly inferior
to GPT3_ZTD at three stations located in East Antarctica with few GNSS stations. The average
improvement across the 65 stations is 39.6%.

Keywords: GNSS_ZTD; GPT3; long short-term-memory; radial basis function; forecasting

1. Introduction

Monitoring water vapor in Antarctica is of great importance for understanding global
precipitation. At present, more than 120 countries and 16 organizations have built ob-
servation stations in Antarctica. Due to the limited temporal and spatial resolution of
data observed by the meteorological stations, global navigation satellite system (GNSS)
observations are an effective complement for retrieving water vapor with higher temporal
resolution. In previous work, based on the GNSS tropospheric delay calculated using a tra-
ditional troposphere model and surface-measured meteorological observations, precipitable
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water vapor (PWV) at Scott Base and McMurdo stations in Antarctica is determined [1]. The
GNSS-PWV at three permanent GNSS tracking stations (FIEQ, MCM4, ROB1) in Antarctica
is estimated and compared with radiosonde data and numerical weather prediction model,
giving a consistent bias of 1.7 mm between the GNSS solution and the radiosonde and
numerical weather prediction model reference values [2]. The feasibility of using GNSS
tropospheric delay to retrieve PWV in Antarctica has been verified.

Since it is difficult to obtain the observed meteorological measurements in actual
applications, some troposphere delay models were built by analyzing the spatiotemporal
variations of troposphere delay observations, such as IGGtrop series models [3-5], GZTD
series models [6,7] and the GEOFT model [8]. Currently, more and more global meteoro-
logical reanalysis products are being adopted to compute GNSS troposphere delay and
retrieval GNSS-PWYV, including National Centers for Environmental Prediction (NCEP) re-
analysis data [9], the five European Center for Medium-Range Weather Forecasts (ECMWEF)
reanalysis data (ERA5) [10-12] and the second Modern-Era Retrospective Analysis for Re-
search and Applications (MERRA-2) [13,14]. In addition, empirical troposphere models are
widely used in practical applications, such as University of New Brunswick (UNB) series
models [15], European Geo-Stationary Navigation Overlay System (EGNOS) models [16],
and Global Pressure and Temperature (GPT) series models [17-20]. These empirical models
are developed based on local standard atmosphere or global meteorological reanalysis data.
The UNB series models are proposed based on the US Standard Atmosphere to provide
users of the Wide Area Augmentation System (WAAS) in North America with easier access
to accurate tropospheric delay. The latest UNB3m model could estimate zenith troposphere
delay (ZTD) with a bias of —0.5 cm and a standard deviation of 4.9 cm in North America
after assessment [15]. Similarly, the EGNOS guidelines recommend the use of an empirical
troposphere model in the positioning process, namely the EGNOS model. The root mean
square error (RMSE) of the ZTD estimated by the EGNOS model is 4.0-4.7 cm at 5 stations
in the UK [16]. The GPT series models, including the GPT, GPT2, GPT2w and GPT3 models,
are constructed with meteorological reanalysis data from the ECMWE. The GPT2w model
has long been considered to be the most accurate empirical troposphere model, estimating
ZTD with a mean bias of less than 1 mm and a standard deviation of 3.6 cm at 341 global
GNSS sites [18]. There is no need for measured meteorological parameters when applying
GPT series models as the target parameters can be obtained by extrapolation or interpola-
tion according to the time and position information. Nevertheless, some scholars confirm
that the accuracy of the above GPT models is still limited in estimating meteorological
elements and tropospheric delays in Antarctica [21-23]. The GPT2 model provides pressure,
temperature and water vapor pressure with lower accuracy in the Arctic and Antarctic
regions, leading to inaccurate tropospheric delay estimations [21]. The accuracy analysis
of the GPT2w model in Antarctica shows that the accuracy of meteorological parameters
decreases and gradually stabilizes as the height increases, with ZTD being calculated with
centimeter-level bias [22]. In the latest research, zenith wet delay (ZWD) series estimated
by the GPT3 model are always periodic curves (too smooth), contributing to large RMSE
on a global scale. An augmentation model is proposed by weighting of differences between
the in situ meteorological quantities and those from the GPT3 model [23].

To overcome the poor performance of the GPT model in estimating tropospheric
delay in Antarctica, here we propose the use of two machine learning methods to improve
the GPT3 model and build a forecasting ZTD model in Antarctica. The existing forecast
troposphere delay model in Antarctica is mainly for West Antarctica; it has not been
extensively studied in East Antarctica because there are fewer stations [24]. In our approach,
we model and forecast ZTD for all available GNSS sites throughout Antarctica, including
stations located in East Antarctica. Furthermore, unlike the above augmentation model,
the model proposed in this paper modifies the difference between the high-accuracy ZTD
products and ZTD from the GPT3 model (GPT3_ZTD) in time and space, respectively.
Meanwhile, two neural networks algorithms, long short-term memory (LSTM) and radial
basis Function (RBF), are introduced to simulate nonlinear variations of difference series
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in the proposed model. This is different from the improved GPT2w (IGPT2w) model in
China, which was established by fitting periodic signals with trigonometric functions [25].
In addition, it is found that there is a certain impact on the accuracy of the GPT2w model
without considering the variation of the daily period [22]. Therefore, we adopt the strategy
of day-to-day modeling and forecasting to estimate the daily period of GPT3_ZTD, which
has a higher reference value for extreme weather forecasting.

2. Data and Methodology
2.1. Data Source

The experimental data used in this work is from the Nevada Geodetic Laboratory
(NGL), which has provided 46,000,000 station days of tropospheric products from over
18,600 stations since 1994. We obtained them from the NGL center (http://geodesy.unr.
edu/gps_timeseries/trop/, accessed on 15 November 2021). These tropospheric products,
including total zenith delay, north gradient, east gradient, water vapor and weighted mean
temperature, were generated using JPL’s GipsyX 1.0 software every 5 min [26]. The accuracy
of ZTD values from NGL was confirmed to be close to the official nominal accuracy of the
International GNSS Service (IGS) ZTD (4 mm) [27].

We selected ZTD at 71 GNSS stations in Antarctica with an observation time span
from 1 January 2018 to 23 October 2021, which was named GNSS_ZTD. The distribution
of stations and the coverage of GNSS_ZTD during the observation period are shown
in Figures 1 and 2. Figure 1 indicates that most stations are located in West Antarctica,
especially in the Antarctic Peninsula and on Ross Island, while only a few stations are
distributed along the coast of East Antarctica. The altitude of coastal stations is lower
than that of stations in inland areas, most shown in Figure 1 as blue or green points with
values less than 500 m. Detailed location information for the 71 stations can be found in
official documents (http:/ /geodesy.unr.edu/NGLStationPages/llh.out_sorted_by_add_
date, accessed on 25 December 2021). Figure 2 shows that the data coverage of GNSS_ZTD
exceeds 70% at most stations, although that of several stations is less than 50%, and the
average data coverage of all stations is 83.3%.

05

1500

1 1000
E
<]
g Sl{s00 B
=] m =
<

0
500

180°

Figure 1. Distribution of experimental GNSS stations from 1 January 2018 to 23 October 2021.
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Figure 2. Data coverage of GNSS_ZTD from 1 January 2018 to 23 October 2021.

Figure 3 shows the GNSS_ZTD series in the observation period at five representative
stations: the PRPT, THU4, MCM4, AMU?2 and DAV1 stations (from top to bottom). These
stations are located in the Antarctic Peninsula, on the coast of West Antarctica, on Ross
Island, in the inland of Antarctica and on the coast of East Antarctica, respectively. The
GNSS_ZTD values were largest at the PRPT, THU4, MCM4 and DAV1 stations, with mean
values over 2000 mm; the GNSS_ZTD values at the AMU?2 station were relatively small,
with an average value of 1544.5 mm. Furthermore, there were obvious annual and seasonal
features in the variation of GNSS_ZTD series at MCM4, AMU?2 and DAV1 stations; the
peaks and valleys appeared in January (warm season) and July (cold season), respectively.
In addition, there were complex nonlinear high-frequency signals in GNSS_ZTD for all
five stations.
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Figure 3. GNSS_ZTD series from 1 January 2018 to 23 October 2021 at PRPT, THU4, MCM4, AMU2
and DAV1 stations.
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2.2. Method for Determining ZTD

This section briefly explains the GPT3 model and presents the approach implemented
for computing ZTD using the LSTM_RBF_ZTD model.

2.2.1. GPT3_ZTD

The GPT3 model provides global meteorological grid parameters (pressure P, temper-
ature T, weighted mean temperature T;, and specific humidity e), with spatial resolutions
of 5° and 1°, as well as the drop factor, the average value 717 and the variation amplitude (an-
nual harmonic amplitudes A1, A; and half-year harmonic amplitudes By, By) on the grid
points. The target meteorological parameters m were calculated at the station (longitude ¢,
latitude 6, altitude /) for a day of the year (doy) based on the following equation [18,20]:

_ d (4
My +A1¢,£COS(% '27T> +A2¢,951”(% - 21 ) + By 9505(36525 4”)
. ( doy
+BZ¢,951”(365 25 4”)

where, m,9, A1 _,, A2_,, B1_,, Bo , can be obtained by bilinear interpolating 77, A1, Ay,
@, 0.0 @0 ¢,0 ¢,0

B4, B, based on the four nearest grid points. The Saastamoinen model and the Askne and

Nordius model were adopted to compute zenith hydrostatic delay (ZHD) and ZWD with

the obtained meteorological parameters [28,29].

)

0.0022768P
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1 —0.00266 COS(29) — 0.00000028Hh @)
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where, gy, is the average acceleration of gravity, a represents the drop factor of water vapor
pressure and ky;, k3, Ry are empirical constants. The calculation of GPT3_ZTD is as follows:

GPT3_ZTD = ZHD + ZWD (4)

GNSS_ZTD and GPT3_ZTD during the observation period at five representative
stations (PRPT, THU4, MCM4, AMU2 and DAV1) are shown in Figure 4, as well as the
difference between GPT3_ZTD and GNSS_ZTD. The GPT3_ZTD series revealed a periodic
behavior, indicating that the GPT3 model was able to better estimate the annual period and
seasonal variation than the high-frequency signal in the GNSS_ZTD series. The nonlinear
high-frequency signal was residual and had a reflection in bias series of GPT3_ZTD with an
approximate variation range of 50 mm. Therefore, the GPT3 model performed poorly at
simulating nonlinear variation of ZTD, which impacted high-precision GNSS positioning
and PWYV forecasting.

2.2.2. LSTM_ZTD

To better model the complex high-frequency variation in the GNSS_ZTD series, we
analyzed the autocorrelation of the bias series between GPT3_ZTD and GNSS_ZTD (GPT3-
Bias). Figure 5 reveals the autocorrelation for the bias series at five representative stations,
where the original GPT3-Bias, the first-order difference of GPT3-Bias and the 288-order
difference of GPT3-Bias are shown from left to right, as well as the results of PRPT, THU4,
MCM4, AMU2 and DAV1 station from top to bottom. It can be seen that the autocorrelation
decreased slowly with increasing lag epochs in original GPT3-Bias, and decreased with
a period of 288 lag epochs after the first-order difference. In addition, it tended to zero
when lag epoch was greater than 288 in the 288-order difference. This demonstrates that
the GPT3-Bias was strong for the autocorrelation series with a period of 288 epochs, and
the current bias was strongly dependent on the bias value of the previous 288th epoch.
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Therefore, we introduced the LSTM neural network to simulate this long-term temporal
dependency in the GPT3-Bias.
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Figure 4. GNSS_ZTD, GPT3_ZTD, and bias of GPT3_ZTD and GNSS_ZTD from 1 January 2018 to
23 October 2021 at PRPT, THU4, MCM4, AMU2 and DAV1 station.

The LSTM is a special recurrent neural network (RNN) proposed by Hochreiter and
Schmidhuber in 1997 [30]. This algorithm solves the problems of gradient disappearance
and gradient explosion in ordinary neural networks. Unlike the feed-forward neural
network, one LSTM unit contains three gates: forget gate f;, input gate i; and output gate o;.
Its signal is expressed as follows:

e ]9
iy = a(wi : hf_tl ] + bi> (6)
o — a(wo - o } + bo> )

where, I1;_ represents the state of the hidden layer at the last moment and x; is the input
parameter at the current moment. w and b denote the weight matrix and bias parameter,
respectively. The activation function is described as ¢. The forget gate f; selectively
removes the previous moment unit state ¢;_1, and the input gate i; retains the input X;
at the current moment. These two gates determine the current unit state c;, which keeps
previous important information and eliminates the current irrelevant content, as shown in

the following:
X; = tanh (w - { hxt ] + b) (8)
t—1
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RPT:GPT3-Bias series

ct = fr-ci—1+ir - Xy )

The output gate o controls whether c; is outputted to the current hidden layer state #;.
The current output parameter y; of the LSTM network is a mapping of i; and is shown as:

hy = o¢ - tanh(cy) (10)

yr = 0o(w - h) (11)

PRPT:First difference of GPT3-Bias series RPT:288-order difference of GPT3-Bias series

HU4:GPT3-Bias series
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-1
Q 288

Time Lag

376 864 0 258 576 864 0 288 576 864
Time Lag Time Lag

Figure 5. Autocorrelation function of bias series between GPT3_ZTD and GNSS_ZTD at PRPT, THU4,
MCM4, AMU2 and DAV1 station.

As the temporal resolution of GNSS_ZTD is 5 min, a total of 288 bias values are recorded
in one day. According to the autocorrelation lag period of GPT3-Bias, the LSTM model was
determined as shown in Figure 6. The input layer was composed of the bias of two days before
time t; (DGNss_ZTDt, sy5» DGNSS_ZTDt, 574, DGNSS_ZTDty sygr « -« - - - Dgnss_zrpy, ), the bias of

one day after time f; (DgNss_zTDt,,,» DGNss_zTDt,,,» DGNSS_ZTDty 57 + -+ - - DGNSS_zTDt., 555)
were considered the output parameters. We selected four hidden layers for the LSTM

model, with the nodes of 100, 100, 75 and 75, respectively. Dgnss z1py;, similar to the
GPT3-Bias, is the bias between GPT3_ZTD and GNSS_ZTD at time ¢;:

Dcnss ztor, = GPT3_ZTDy, — GNSS_ZTDy,, i = 1,2,3,... (12)
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Figure 6. Structure of LSTM model.

Lastly, LSTM_ZTD is the difference of GPT3_ZTD and the estimated Dgnss zrp from
the LSTM model, as shown in the following equation:

LSTM_ZTD = GPT3_ZTD — Dgnss_zTD (13)

2.2.3. LSTM_RBF _ZTD

Based on the bias of GPT3_ZTD and LSTM_ZTD at multiple stations, the relationship
between the spatial position and the bias was modeled by the RBF neural network. The
single-point forecast model was extended to the regional forecast model.

The RBF neural network is a feed-forward neural network with a single hidden
layer [31]. Its learning process is a local approximation that is different from the global
approximation of the BP neural network, and convergence speed is faster in modeling
because only critical neurons respond to an input vector. Simultaneously, the RBF neural
network effectively makes up for the disadvantage that RBF function is not applicable to
large samples in support vector machine (SVM). For the RBF neural network, the radial
basis function is the activation function mapping the nonlinear input variables from the
low-dimensional space to the high-dimensional hidden layer, and the output parameters
are a linear combination of hidden layer factors. As shown in the following equations, the
radial basis function is a function of the distance between the input vector X and the radial
basis center c;, being the radial range controlled by the function width . The weight w;;
connects the output y; and hidden-layer elements ¢;.

#i(I1X = Gjll) = exp(= X = GilI*/?) (14)

vi= Z;;l Pj X wij (15)

The RBF model was established day by day, as shown in Figure 7. Its input ingredi-
ents were the longitude, latitude and elevation, as well as the one-day GPT3_ZTD. The
output layer was formed with the deviation between GPT3_ZTD and LSTM_ZTD, named
Distm_ztp- The hidden layer contained 16 neurons.

Distm zrpr, = GPT3_ZTDy, — LSTM_ZTDy, i =1, 2, 3, ... (16)
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Figure 7. Structure of RBF model.

Similar to LSTM_ZTD, LSTM_RBF_ZTD is the difference between GPT3_ZTD and the
estimated Dygry_zrp from the RBF model and is expressed as:

LSTM_RBF_ZTD = GPT3_ZTD — Distm 71D (17)

Figure 8 displays the flow diagram of the experiment conducted in this work. Firstly,
the observation period was divided into the historical period and forecast period, and
training stations and test stations were distinguished in the research area. Then, Dgnss 7D
series in the historical period was adopted to train the LSTM model, and the LSTM_ZTD
for the forecast period was estimated by the LSTM model at the training stations. The RBF
model was then established by using Djsry_zp in the forecast period and coordinates
of training stations. Finally, the GPT3_ZTD of the test station was improved by the RBF
model to obtain the LSTM_RBF_ZTD at the test station for the forecast period.

Timehistorical NGL center E:> GNSS_ZTD (Lat‘m\in- Lon[raim Ah‘n'ain. Timehis(orical)
- »
train GPT3 mOdel GPTS_ZTD (Ll!t“..l., Lonlnlm Alt!nln, Timehlstorlul)
Lontrain l
Al rai
fsi LSTM_ZTD (Lat,,;,, Lo, Altyy, Time ey LSTM model
D
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@ GPT3_ZTD (Latie, Loy, Altyey, Timegreessd [ ] GPT3 model T
<
RBF model l%> LSTM_RBF_ZTD (Latey, Loy, Altyeg,, Timegyyecase) Iilltltest
test

Figure 8. Flow diagram of the experiment.

2.3. Verification

The verification loop was performed on each of the 71 GNSS stations to comprehen-
sively study the feasibility and applicability of the proposed model. Each day, a different
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available station in Antarctica was regarded as the test station, while the remaining were
training stations participating in the modeling. The historical period was from 1 January
2018 to 23 October 2020, while the one-year period from 24 October 2020 to 23 October 2021
was considered the forecast period.

Historical data and forecast data were used to form training samples and test samples
of the LSTM model, respectively. Restricted by the availability of GNSS_ZTD data, the
number of samples was different when modeling at different stations. Figure 9 shows the
sample number of the LSTM model at all stations. The number of training samples and
test samples were more than 600 days and 200 days, respectively, at most stations, and
only a small number of stations had fewer samples. The maximum was 1026 days and
365 days at stations with the GNSS_ZTD coverage of 100%, the mean value of 71 stations
were 877 days and 281 days, respectively. In addition, we performed training stations
statistics for the RBF model in the day-to-day forecast period, as displayed in Figure 10.
One test station was estimated by the RBF model each time, which was established using
more than 40 training stations on most forecast days. The mean number of training stations
was 54 for the one-year forecast period.

Mean(train samples)=877 Mean(test samples)=281
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Figure 9. Statistical result of train samples and test samples of LSTM model.

The daily and yearly RMSE were considered as indexes for evaluating accuracy since
the forecasting ZTD was obtained day by day, and the total forecast period was one
year. Here, the daily and yearly RMSE of GPT3_ZTD, LSTM_ZTD and LSTM_RBF_ZTD
were calculated against the reference of GNSS_ZTD at test stations in the forecast period.
RMSE was described with the following example of LSTM_RBF_ZTD, while the calculation
method for GPT3_ZTD and LSTM_ZTD are similar.

RMSE — \/ ", (LSTM_RBF_ZTD; — GNSS_ZTD;)*
n

(18)

where 1 represents the number of sampling points in the forecast period, which had a value
of 288 for daily RMSE, and a value of 288 multiplied by the number of test samples for
yearly RMSE. The yearly RMSE of GPT3_ZTD and that of LSTM_RBF_ZTD were compared
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to determine the improvement, quantifying the outperformance of the proposed model
over the GPT3 model.

_ yearly RMSE stm RreF_zTD — Yearly RMSEGprs 71D

improvement = x 100% (19)
yearly RMSEGPT3_ZTD
" Mean(train site)=54
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Figure 10. Statistical result of training stations of the RBF model.

3. Results
3.1. Accuracy of the LSTM_ZTD

For assessing the accuracy of the proposed model, the forecasting results of the LSTM
model from 24 October 2020 to 23 October 2021 at PRPT, THU4, MCM4, AMU?2 and DAV1
station were used. As shown in the left of Figure 11, the comparison indicates that the
LSTM_ZTD series of five stations were in better agreement with GNSS_ZTD, with yearly
RMSE values of 17.3 mm, 12.4 mm, 8.9 mm, 6.4 mm and 11.3 mm, respectively. The range of
bias series in the right of Figure 11 was concentrated; the mean bias values were —3.4 mm,
—3.0 mm, 0.3 mm, —1.1 mm and 2.1 mm for five stations. However, the intraday variation
of LSTM_ZTD was always too smooth to accord with spike-shaped peaks in one-day
GNSS_ZTD, mainly because the output layer of the LSTM model caused daylong bias,
providing a low ability to capture hourly bias variation. The statistical daily RMSE of
LSTM_ZTD from 24 October 2020 to 23 October 2021 (Figure 12 and Table 1) shows that
most daily RMSE values were below 10 mm at MCM4 and AMU?2 stations. RMSE values
for MCM4 station were less than 5 mm on 115 days and within 5-10 mm on 166 days. Daily
RMSE was over 10 mm on 84 days, and the mean daily RMSE value for the 365 days was
7.7 mm. RMSE values for AMU2 station were less than 5 mm on 193 days and within
5-10 mm on 133 days. Daily RMSE was over 10 mm on only 39 days, and the mean daily
RMSE value for the 365 days was 5.4 mm. The daily RMSE of LSTM-ZTD at THU4 and
DAV1 stations were slightly greater than those of MCM4 and AMU?2 stations, with mean
values of 10.4 mm and 9.5 mm. respectively. Daily RMSE values were less than 5 mm for
70 days for THU4 station and 73 days for DAV1 station. They ranged from 5-10 mm on
143 days for THU4 station and 150 days for DAV1 station. There were 152 days for MCM4
station and 130 days for AMU2 station when the daily RMSE values were more than 10 mm.
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By contrast, the overall daily RMSE of PRPT station was the greatest, with a mean value of
14.5 mm, and 222 days had daily RMSE values over 10 mm. Moreover, most of the daily
RMSE values in the warm season (November to March) were smaller than that in the cold
season (April to October).
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Figure 11. Comparison between LSTM_ZTD and GNSS_ZTD from 24 October 2020 to 23 October
2021 at PRPT, THU4, MCM4, AMU2 and DAV1 station.
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Figure 12. Daily RMSE of LSTM_ZTD from 24 October 2020 to 23 October 2021 at PRPT, THU4,
MCM4, AMU2 and DAV1 station.
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Table 1. Daily RMSE piece-wise statistic result of LSTM_ZTD from 24 October 2020 to 23 October
2021 at PRPT, THU4, MCM4, AMU2 and DAV1 station (units: day).

Daily RMSE 0-5 mm 5-10 mm >10 mm
PRPT 26 104 222
THU4 70 143 152

MCM4 115 166 84
AMU2 193 133 39
DAV1 73 150 130
mean 95.4 139.2 1254

Figure 13 and Table 2 display the yearly RMSE and daily RMSE of LSTM_ZTD for
the forecast period at the 65 stations. The histogram and the box plot in Figure 13 display
yearly RMSE and daily RMSE, respectively, and the statistical result of piece-wise yearly
RMSE and percentage of daily RMSE are listed in Table 2. For yearly RMSE, values were
concentrated in 20 mm for almost all of the stations. A total of 40 stations had values less
than 10 mm, 14 stations had values ranging from 10 to 15 mm, and 9 stations had values
ranging from 15 to 20 mm. Only two stations had yearly RMSE greater than 20 mm. The
minimum value of 6.4 mm occurred at the AMU2 station, the maximum was 32.8 mm
at the PHNX station, and the mean value for the 65 stations was 10.9 mm. For the daily
RMSE, we took the result of a station as an example to illustrate the symbol in the box plot
of Figure 13. Here, the red line is the median of the daily RMSE at a station, and the blue
upper box line and lower box line represent, respectively, the upper quartile Q1 and the
lower quartile Q3, with 50% of daily RMSE between Q1 and Q3. The black lines extending
above and below the box indicate the maximum and minimum daily RMSE within the
nonabnormal range (Q1 + 1.5 x [Q1 — Q3] ~ Q3 — 1.5 x [Q1 — Q3]). When the value
exceeded the range, it was identified as an outlier and is represented in the figure by a
red cross. Fewer outliers did not affect the overall daily RMSE and were ignored in the
analysis. Moreover, the classification of daily RMSE in Table 2 is arranged based on the
position of the red line and the blue upper box line in Figure 13. Below-median (red line)
daily RMSE accounted for 50% of the total, and daily RMSE of less than Q1 (blue upper
box line) was 75%, which reflects the distribution of the main daily RMSE. For example,
a station was classified as “50% < 10 mm” when its red line was under 10 mm, meaning
that at least 50% of daily RMSE values were less than 10 mm. All statistical results in the
figure and table show that the overall daily RMSE values were small and concentrated
for most stations, corresponding to yearly RMSE. There were 50 stations with at least 50%
daily RMSE less than 10 mm, and 35 stations with more than 75% proportion. When the
range was extended from 10 mm to 20 mm, the number of stations with a proportion of
daily RMSE of more than 50% increased to 63, and the number with a proportion of more
than 75% increased to 63.

In conclusion, LSTM_ZTD had high consistency with GNSS_ZTD in the forecast
period, and millimeter-level forecasting accuracy could be achieved at some GNSS stations.
Diverse climates led to a large difference in ZTD variation at different stations, as well as in
different seasons. Troposphere delay varied in certain situations, while the LSTM model
had a limited learning capacity, resulting in a higher yearly RMSE. LSTM_ZTD could meet
the needs of forecasting ZTD for a single station. However, to forecast ZTD more effectively
than GPT3_ZTD in space, it was necessary to model and modify GPT3_ZTD in spatial
domain based on the LSTM_ZTD of multiple stations.
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Figure 13. Yearly RMSE and daily RMSE of LSTM_ZTD in the forecast period at 65 stations.

Table 2. Statistical result of piece-wise yearly RMSE and percentage of daily RMSE for 65 stations.

RMSE Number of sites
5-10 mm 40
10-15 mm 14
Yearly RMSE 15-20 mm 9
>20 mm 2
50% < 10 mm 50
. 75% < 10 mm 35
Daily RMSE 50% < 20 mm 63
75% < 20 mm 63

3.2. Comparisons between the LSTM_RBF_ZTD and the GPT3_ZTD

We compared the daily RMSE of LSTM_RBF_ZTD and of GPT3_ZTD at 65 stations
with better data coverage in the forecast period, as displayed in Figure 14 and Table 3. The
daily RMSE of the LSTM_RBF_ZTD are given in the top box plot of Figure 14, and the
bottom box plot shows the daily RMSE of GPT3_ZTD. It is evident that the daily RMSE
of LSTM_RBF_ZTD was more concentrated and smaller than GPT3_ZTD. For the daily
RMSE of LSTM_RBF_ZTD, the blue boxes were concentrated below 20 mm for almost all
the stations. The maximum and median values were relatively small, with most of the
black lines within 10-50 mm and the red lines under 20 mm. From the quantified statistic
in Table 3, there were 31 stations with over 50% daily RMSE less than 10 mm, and 8 stations
with a percentage of 75% less than 10 mm. Similarly, at least 50% of the daily RMSE are
below 20 mm for 62 stations, of which there are 47 stations with 75% of values below
20 mm. For the daily RMSE of GPT3_ZTD, almost all the blue boxes are greater ranging
from 10 mm to 40 mm, with the maximum and median values of more than 40 mm and
10 mm, respectively. There is no station where the percentage of daily RMSE less than
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10 mm can reach 50% or 75%. Over 50% of daily RMSE are less than 20 mm for 39 stations
but there are 2 stations where the percentage exceeds 75%.
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Figure 14. Comparisons between the daily RMSE of LSTM_RBF_ZTD and GPT3_ZTD in forecast
period at 65 stations.

Table 3. Statistical percentage of daily RMSE of LSTM_RBF_ZTD and GPT3_ZTD at 65 stations (units:
site number).

Daily RMSE LSTM_RBF_ZTD GPT3_ZTD
50% < 10 mm 31 0
75% < 10 mm 8 0
50% < 20 mm 62 39
75% < 20 mm 47 2

Figure 15 and Table 4 illustrate the yearly RMSE of LSTM_RBF_ZTD and GPT3_ZTD
at 65 stations. The statistical result for the LSTM_RBF_ZTD shows that the minimum
and maximum of yearly RMSE were 5.1 mm and 50.1 mm, respectively, with an average
value of 15.7 mm. There were 52 stations with yearly RMSE smaller than 20 mm, mostly
occurring in West Antarctica. There were 12 stations with yearly RMSE smaller than 10 mm,
marked in dark blue in the figure. The yearly RMSE ranged from 20 mm to 30 mm for
10 stations, mainly located in coastal areas. Only three stations, located in the coastal area of
East Antarctica and its islands and shown in yellow or red points in the figure, have yearly
RMSE greater than 30 mm. For the yearly RMSE of GPT3_ZTD, the minimum, maximum
and mean values were 16.9 mm, 54.8 mm and 25.9 mm, respectively. There were 8 stations
with the yearly RMSE ranging from 10 mm to 20 mm, and most of them were located in the
inland of West Antarctica. The majority of the yearly RMSE in the coastal areas and the
Antarctic Peninsula was higher than 20 mm, with yearly RMSE between 20 and 30 mm at
41 stations and more than 30 mm for 16 stations.
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Figure 15. Comparisons between the yearly RMSE of LSTM_RBF_ZTD and GPT3_ZTD in the forecast
period at 65 stations.

Table 4. Statistical piece-wise yearly RMSE of LSTM_RBF_ZTD and GPT3_ZTD at 65 stations (units:

site number).

Yearly RMSE LSTM_RBF_ZTD GPT3_ZTD
0-10 mm 12 0
10-20 mm 40 8
20-30 mm 10 41
>30 mm 3 16

In summary, all statistical results of daily RMSE and yearly RMSE illustrate that the
overall accuracy of LSTM_RBF_ZTD is better than that of GPT3_ZTD, with a decrease of
the mean yearly RMSE of 65 stations from 25.9 mm to 15.7 mm. The deviation between
GPT3_ZTD and GNSS_ZTD is effectively reduced using the LSTM model and RBF model
in Antarctica.

4. Discussion

The results in Figure 13 show that the yearly RMSE of GPT3_ZTD is influenced by
geographical location. In Antarctica, the inland areas are dominated by plateaus and
covered by ice all year round. Severe cold climate and dry air results in scarce water vapor
in the troposphere, contributing to small and slight changes of ZTD. The coastal areas are
the regions with the greatest synoptic variability in Antarctica, and are affected by the polar
low pressure and the strong cold air from the inland areas. The abundant water vapor and
strong molecular motion in the troposphere over coastal areas cause larger ZTD values
and a higher variability of the ZTD. This is evidenced in the five stations located in these
areas, as shown in Figure 3. However, since the GPT3 model was developed using global
meteorological reanalysis data, the ability to estimate parameters is fixed. Therefore, the
accuracy of GPT3_ZTD is higher in areas where the climate changes only slightly, and
accuracy is lower in some regions with diverse and complicated climates.

The comparison in Figure 15 shows that the yearly RMSE of LSTM_RBF_ZTD is limited
not only by GPT3_ZTD but also by the distribution of the training stations. The overall
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LSTM_RBF_ZTD is more accurate than GPT3_ZTD, and the distribution characteristics of
yearly RMSE are similar in most areas. Unlike the yearly RMSE distribution of GPT3_ZTD,
the yearly RMSE of LSTM_RBF_ZTD in the Antarctic Peninsula is close to that obtained for
the inland stations. This difference indicates that the LSTM_RBF_ZTD has more advantages
over GPT3_ZTD in the Antarctic Peninsula, which is also illustrated by the numerical
improvement that can be seen in Figure 16. The statistical result in Figure 16 shows that
the LSTM_RBF_ZTD outperforms the GPT3_ZTD for 62 stations, and only three stations’
results show a decrease in the accuracy of LSTM_RBF_ZTD, as denoted by dots with red
edges. The minimum and maximum improvements are —15.5% and 76.3%, respectively,
with an average value of 39.6%. The dark blue dots, indicating low improvement, are
mostly scattered in the coastal areas of the East Antarctica, and the higher improvement,
indicated by the red and yellow points, predominately occur in the Antarctic Peninsula, the
in inland region of West Antarctica and on Ross Island. This is because the accuracy of the
RBF model depends on the inputting training samples. If the correlation between training
samples and test samples is strong, the RBF model can fully learn the characteristics of
the parameters and accurately estimate the output variables of test samples, and vice
versa. That is, the RBF model performs better for test stations located in regions with
dense training stations, such as the Antarctic Peninsula and Ross Island. For test stations
in an area with sparsely distributed stations, such as East Antarctica, the parameters of
the training stations have a poor correlation with that of the test stations. The difference
between the GPT3_ZTD and the LSTM_ZTD is estimated with insufficient accuracy by the
RBF model, resulting in lower improvement of LSTM_RBF_ZTD over GPT3_ZTD, as well
as decreased accuracy for some stations.
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Figure 16. Improvement of LSTM_RBF_ZTD over GPT3_ZTD in forecast period at 65 stations.

5. Conclusions

In order to improve the poor performance of the GPT3 model in estimating ZTD
in Antarctica, we introduced LSTM and RBF neural networks to enhance GPT3_ZTD
in time and space, respectively, and develop a high-precision ZTD forecasting model in
Antarctica. The GNSS_ZTD of 71 GNSS stations in Antarctica, with an observation period
from 1 January 2018 to 23 October 2021, were selected from the NGL Analysis Center as the
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reference data. The forecast results from 24 October 2020 to 23 October 2021 at 65 stations
(with test samples more than 100 days in forecast periods) are shown.

The series of differences between GPT3_ZTD and GNSS_ZTD at five representative
stations (PRPT, THU4, MCM4, AMU2 and DAV1) have strong autocorrelation that decreases
with the periodic lag of epoch 288. The forecasting LSTM_ZTD is highly consistent with
GNSS_ZTD. For the LSTM_ZTD of the 65 stations, there are 40 stations with the sub-
centimeter yearly RMSE and the average yearly RMSE for the 65 stations is 10.9 mm. In
general, the LSTM model performs well in forecasting the variation trend of the day-to-day
bias between GNSS_ZTD and GPT3_ZTD, and LSTM_ZTD values are close to GNSS_ZTD
and quite stable.

The LSTM_RBF_ZTD is more accurate than the GPT3_ZTD at 65 test stations. The daily
RMSE of LSTM_RBF_ZTD has a lower variation and is smaller than that of GPT3_ZTD; the
mean yearly RMSE for the 65 stations decreased from 25.9 mm to 15.7 mm. GPT3_ZTD
is significantly improved at 62 stations. LSTM_RBF_ZTD delivered worse results than
GPT3_ZTD at only three stations. The improvement of LSTM_RBF_ZTD over GPT3_ZTD
ranges from —15.5% to 76.3%, with the average value for the full set of 65 stations reach-
ing 39.6%.

In addition, the GPT3 model has limited ability to capture complicated synoptic
variability, leading to a worse performance in estimating ZTD, which is more significant in
coastal areas than in inland. The accuracy of LSTM_RBF_ZTD is restricted by the external
constraints of GPT3_ZTD and the spatial distribution of the stations. LSTM_RBF_ZTD
performs better in West Antarctica where the stations are densely distributed, especially
in the Antarctic Peninsula and Ross Island. In general, the model proposed in this work
has significantly better performance in comparison to the GPT3 model for estimating ZTD
in Antarctica.
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