Responses to Referee #3
https://doi.org/10.5194/essd-2022-274-RC3

Comments on “An enhanced integrated water vapour dataset from more than 10,000
global ground-based GPS stations in 2020” submitted by Yuan, P., Blewitt, G., Kreemer, C.,
Hammond, W.C., Argus, D., Yin, X., Van Malderen, R., Mayer, M., Jiang, W., Awange, J., and
Kutterer, H to “Earth System Science Data”

The study of IWV is an important topic in GPS, geodesy and other areas such as climate.
This work did a comprehensive analysis of the two sets of IWV data from more than 10,000 GPS
stations. One is from the Nevada Geodetic Laboratory (NGL) and the other is generated by the
authors who used the European ReAnalysis (ERA5) for the GPS IWV retrieval. It showed that
the IWV dataset generated by the authors had a better quality than that from the NGL. The
authors did extensive analysis and evaluation of the two datasets using IWV data from 182
radiosonde stations.

The comments are given below:

1. Line 44 “For instance, satellte measurements have good spatial coverage, but their
spatiotemporal resolutions could be low” This is not completely correct. The remote sensing
satellite water vapor data can have spatial resolution of 1 km or even dozens of meter. The
temporal resolution can also be dozens of minutes e.g. geostationary satellites.

Reply: Thank you for the information and we deleted the incorrect sentence. Based on the
comments from you and Frank Fell (Community, https://doi.org/10.5194/essd-2022-274-CC1),
we added the following sentence to Section 6 Summary and outlook:

The enGPS IWV product has broad potential applications. For instance, it has been employed in this study
to evaluate the IWV measurements from specific radiosonde types. It can serve as ground-truth data for

the validation of satellite water vapor retrievals.

2. Line 46, IWV should have its full spelling in its first use.
Reply: The full spelling of IWV was given in Line 40, where it occurs for the first time:

The atmospheric water vapour can be quantified as Integrated Water Vapour (IWV)

3. Line 111, the first citation of the Figure 1 is at line 111. However the Figure 1 is placed ahead
of line 111. It is suggested to move Figure 1 after line 111.

Reply: Moved as suggested.



4. In Figure 1 and in the whole paper, only 182 radiosonde stations were used. There are many
more radiosonde stations around the world. Why are only 182 radiosonde stations used?

Reply: This is because we only obtained 182 GPS-radiosonde-synoptic (GPS-RS-SYN)
station clusters worldwide after careful checks on the data quality, availability, and the spatial
and temporal matching between the global GPS, RS, and SYN stations.

In this study, the radiosonde observations are obtained from the Integrated Global
Radiosonde Archive (IGRA) Version 2 provided by NOAA National Centers for Environmental
Information (NCEI). NCEI collects global radiosonde and pilot balloon observations at more than
2,800 stations date back to the early 20t century
(https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00975).
In the year of 2020, there were 770 stations in operation worldwide. As the radiosonde data are
intended to calculate high-quality T,,, and IWV measurements serving as references for the
evaluation of opGPS and enGPS IWV products, we employed the following quality control
scheme as described in Section 2.6 In-situ meteorological observations:

IGRA is one of the most comprehensive RS datasets consisting of over 2800 stations worldwide, of which
770 are operational with regular daily observations at 00 and 12 UTC in the year of 2020. We used
temperature and relative humidity profiles from the IGRA dataset and carried out quality control with the
following criteria: 1) the profiles reach the surface and a pressure level of at least 300 hPa on top (Wang
and Zhang, 2008); 2) data are available at no less than five (four) standard pressure levels for stations
below (above) the 1000-hPa pressure level (Wang et al., 2005); 3) pressure gaps should be less than 200
hPa.

Likewise, we also provided more details on the pressure data from the ISD dataset:

ISD has more than 20,000 SYN stations worldwide and provides high-quality observations (e.g., pressure)
with internal quality control procedures. In the year of 2020, the pressure observations are available at
11,637 ISD stations worldwide.

In order to evaluate the opGPS and enGPS IWV products and associated T,,, and ZHD, we
employed high quality temperature and humidity profiles from the IGRA RS dataset as well as
SYN pressure observations from the ISD dataset as references, respectively. To be comparable,
the global GPS, RS, and SYN stations were matched in space and time as described in Section
4 Evaluation with in-situ observations:

As described in Sect. 2.6, there are 770 RS and 11,637 ISD stations available in 2020. In order to
evaluate the opGPS and enGPS IWV products, we carried out a spatial and temporal matching of the GPS,
RS, and ISD stations with the following criteria: 1) the distances of the RS and SYN stations with respect
to their paired GPS stations are within 50 km in horizontal and 100 m in vertical (Wang and Zhang, 2008);
2) The time-matched GPS, RS and SYN observations are available at more than 50% of the 00 and 12
UTC epochs in 2020 and all the gaps in time are shorter than 30 days. The second criterion on data
availability is necessary because the IWV differences from opGPS or enGPS with respect to RS can be

seasonal dependent as discussed later in Section 5 (Fig. 13). The seasonal patterns can also be seen in the
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differences in T, and ZHD. Therefore, the second criterion was applied to avoid incorrect explanations. It
is noteworthy that 328 out of the 770 radiosonde stations had been discarded before the matching because
their observations are only available at less than 50% of the 00 and 12 UTC epochs in 2020 or their gaps
in time are longer than 30 days. With those criteria, we obtained 182 GPS-RS-SYN station clusters
worldwide. The locations of the station clusters are listed in Table S1.

Reference:

Wang, J. and Zhang, L.: Systematic Errors in Global Radiosonde Precipitable Water Data from
Comparisons  with  Ground-Based GPS Measurements, J. Climate, 21, 2218-2238,
https://doi.org/10.1175/2007JCLI1944.1, 2008.

Wang, J., Zhang, L., and Dai, A.: Global estimates of water-vapor-weighted mean temperature of the
atmosphere for GPS applications, J. Geophys. Res.: Atmos., 110,
https://doi.org/10.1029/2005JD006215, 2005.

5. Line 650, “Yuan, P., Blewitt, G., Kreemer, C., Hammond, W.C., Argus, D., Yin, X., Van
Malderen, R., Mayer, M., Jiang, W., Awange, J., and Kutterer, H.: An enhanced integrated water
vapour dataset from more than 10,000 global ground-based GPS stations in 2020,
https://doi.org/10.5281/zen0do.6973528, 2022.” Why do you cite this? Your paper is citing your
paper?

Reply: It is also unusual for us to cite the dataset in the list of references. However, this is
the requirement from the submission guideline of Earth System Science Data:

httos://www.earth-system-science-data.net/submission.html

make sure to include the DOI (and/or review link) and citation of your dataset in the
dedicated data availability section —
e.g. https.//doi.org/10.15770/EUM_SEC CLM 1001 (Loew et al., 2015) — and add the
corresponding entry to the list of references — e.g. Loew, A., Bennartz, R., Fell, F.,
Lattanzio, A., Doutriaux-Boucher, M., and Schulz, J.: Surface Albedo Validation Sites,
EUMETSAT [data set], https.//doi.org/10.15770/EUM_SEC_CLM_1001, 2015.

6. The number of citations to your own papers is relatively high. Just cite closely relevant papers
only.

Reply: We deleted six publications from us and kept only four closely relevant papers. In
addition, the dataset developed by was included in the list according to the requirement from the
journal as explained to your last comment.

Blewitt, G., Hammond, W. C., and Kreemer, C.: Harnessing the GPS data explosion for interdisciplinary
science, Eos, 99, 485, 2018.



Jiang, W., Yuan, P., Chen, H., Cai, J., Li, Z., Chao, N., and Sneeuw, N.: Annual variations of monsoon
and drought detected by GPS: A case study in Yunnan, China, Sci. Rep., 7, 5874,
https://doi.org/10.1038/s41598-017-06095-1, 2017.

Van Malderen, R., Brenot, H., Pottiaux, E., Beirle, S., Hermans, C., Mazi¢re, M. D., Wagner, T., Backer,
H. D., and Bruyninx, C.: A multi-site intercomparison of integrated water vapour observations for
climate change analysis, Atmos. Meas. Tech., 7, 2487-2512, https://doi.org/10.5194/amt-7-2487-2014,
2014.

Yuan, P., Hunegnaw, A., Alshawaf, F., Awange, J., Klos, A., Teferle, F. N., and Kutterer, H.: Feasibility
of ERAS integrated water vapor trends for climate change analysis in continental Europe: An evaluation
with GPS (1994-2019) by considering statistical significance, Remote Sens. Environ., 260, 112416,
https://doi.org/10.1016/j.rse.2021.112416, 2021a.

Yuan, P., Blewitt, G., Kreemer, C., Hammond, W.C., Argus, D., Yin, X., Van Malderen, R., Mayer, M.,
Jiang, W., Awange, J., and Kutterer, H.: An enhanced integrated water vapour dataset from more than
10,000 global ground-based GPS stations in 2020, https://doi.org/10.5281/zenodo.6973528, 2022.

7. In eq. (6), it seems you just consider the error in the conversion factor II. Why didn’t you
consider the error in ZWD and its impact on IWV?

Reply: As shown in Eq. (3), the errors in ZWD are caused by the error in ZTD estimates
from GPS data processing as well as the error in ZHD. Accurate pressure (P,) measurement at
the location of GPS stations is crucial for the calculation of its ZHD when using the
Saastamoinen model (Eqg. (5)). In addition to ZWD, T, is also important to the GPS IWV as can
be seen from Eq. (1)—(2). In sum, the error sources of GPS IWV are the errors in ZTD from GPS
data processing as well as the errors in ZHD (P;) and T,,, from auxiliary meteorological data.

IWV = IT-ZWD, (1)
10°

T Ry [kb+ks /Ty’ (2)

ZWD = ZTD — ZHD, (3)

ZHD = 2.2768 b (5)

1-2.66 x1073-cos(2¢5)—2.8xX1077H'

In this study, we discussed the impacts of errors in ZHD (P;) and T,,, on the GPS IWV,
because they are calculated in a more accurate way in the enhanced GPS (enGPS) IWV dataset
compared to the ZHD and T,,, estimates used in NGL’s operational GPS (opGPS) IWV dataset.
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To be specific, the ZHD and T, in enGPS are calculated by using the latest ERA5 (0.25°x0.25°,
37 pressure levels, 1-hourly) with the consideration of vertical adjustment, whereas the ZHD and
T,, used in NGL's opGPS IWV product are obtained from Vienna University of Technology (TUW,
https://vmf.geo.tuwien.ac.at/) with a much coarser resolution (2°x2.5°, surface level, 6-hourly).

It is noteworthy that both the enGPS and opGPS IWV datasets are based on the same
GPS ZTD product provided by NGL, and hence we did not quantitatively investigate the errors in
GPS ZTD when evaluating the superiority of enGPS IWV over opGPS IWV in Section 5
Evaluation of enGPS versus opGPS. More directly, we evaluated and compared the enGPS and
opGPS IWV datasets by taking the independent IWV measurements from radiosonde (RS) as
reference.

We noticed that there are several stations (e.g., station ASPA in Fig. 12j) with significant
disagreements between their enGPS IWV and the reference RS IWV, but they are hard to be
sufficiently explained with the errors in the associated ZHD (P,) and T,,, evaluated by using with
in-situ measurements from collocated synoptic stations and RS stations, respectively. Therefore,
the discrepancies in their enGPS and RS IWV estimates are more likely due to station-specific
errors in the GPS ZTD and RS IWV measurements. Accordingly, we modified the discussion on
the IWV discrepancy at station ASPA in Section 5 Evaluation of enGPS versus opGPS:

Furthermore, the SD values of the RS-enGPS and RS-opGPS IWYV differences are identical at station
ASPA, with a value of 3.4 kg m? (Fig. 12j). This is the maxima SD value over all the 182 station clusters
in both enGPS and opGPS IWV datasets (Fig. 10b), indicating that the poor agreement could also be due
to station-specific errors in the GPS ZTD and RS IWV measurements. Further comparisons with other
GPS ZTD solutions and independent IWV measurements derived by other techniques will be helpful to
explain the poor agreement, and it will be addressed in future studies.

8. Below 2.4 Screening of IWV, “The 5-min enGPS IWV data...” | am puzzled how you got the
enGPS data. It is understandable you got opGPS data from NGL.

Reply: NGL produces GPS ZTD and IWV estimates operationally. However, its
operational GPS (opGPS) IWV product is obtained based on the T,,, and ZHD products from
TUM, which are with limited resolution (2°%2.5°, surface level, 6-hourly). The T, errors in NGL’s
opGPS IWV product could be large because no vertical adjustment to the altitude of GPS station
was applied. Moreover, the ZHD errors in NGL’s opGPS IWV product could be large due to its
inaccurate vertical adjustment algorithm, especially in regions with complex terrains, see
Appendix D: Vertical adjustment of ZHD in NGL’s opGPS IWV product.

In this work, we tried to enhance the IWV (enGPS) dataset by using the auxiliary
meteorological variables (T,, and ZHD) from ERA5 pressure level product with improved
resolution (0.25°x0.25°, 37 vertical levels, 1-hourly). We also used the state-of-the-art algorithms
for the vertical adjustments of T,,, and ZHD (Appendix C: Estimation of meteorological variables
at GPS station). Compared to NGL’s opGPS IWV product, a global evaluation in Section 5.
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Evaluation of enGPS versus opGPS shows that the enGPS IWV product developed in this work

has better agreements with the in-situ T,,, and IWV measurements from the radiosonde stations,
as well as the in-situ ZHD (pressure) from the synoptic stations.

The procedure of develop of the enGPS IWV product is as follows:

1.
2.

extract the GPS ZTD time series provided by NGL

remove the ZTD outliers with a range check and a moving window outlier check, see
Section 2.2 Screening of Zenith Total Delay (ZTD)

calculate the meteorological variables (T,, and ZHD) at the location of each GPS
station from the 1-hourly ERA5 pressure level product (0.25°x0.25°, 37 vertical levels,
1-hourly), with the state-of-the-art vertical adjustment approaches, see Appendix C
Estimation of meteorological variables at GPS station

interpolate the ERA5-derived T,,, and ZHD time series from 1-hourly to 5-min with a
temporal linear interpolation at each station, and then use them for the conversion of
enGPS IWV from NGL's ZTD, see Section 2.3 Retrieval approach of Integrated Water
Vapour (IWV)

remove the IWV outliers with a range check and a moving window outlier check, see
Section 2.4 Screening of IWV

In order to clarify the differences in the developments of NGL's opGPS IWV product and
the enGPS IWV product developed in this work, we added a section (Sect. 2.5) and a flowchart
(Fig. 4) in the revised manuscript as follows:

2.5 Enhancements compared to NGL’s operational IWV product

Figure 4 compares the development processes of NGL’s operational GPS (opGPS) IWV product and
the enhanced GPS (enGPS) IWV product developed in this work. The enhancements are mainly in the
auxiliary meteorological data for GPS IWV retrieval and the data screening.



/ GPS observations at 10,000+ stations /

| GPS data processing at NGL |

|

/ 5-min raw GPS ZTD estimates
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based on operational ECMWF product Screening of ZTD from ERAS reanalysis product
2°x2.5°, single level, 6-hourly 0.25°x0.25°, 37 levels, 1-hourly

| Retrieving of IWV | | Retrievinlg of IWV |
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Figure 4. Comparison of NGL’s operational GPS (opGPS) IWV product and the enhanced GPS (enGPS)
IWYV product developed in this work.

The ZHD and T,,, used in NGL’s operational IWV product were obtained from Vienna University of
Technology (TUW, https://vmf.geo.tuwien.ac.at/) during the GPS data processing. TUW calculates the
ZHD and T, every 6 hours at the Earth’s surface with a 2°%2.5° grid based on an operational ECMWF
product (Boehm et al., 2006). Although vertical adjustments of both ZHD and T, from the ECMWF
surface level to the altitude of GPS station are essential for the accurate calculation of GPS IWV, only
ZHD was vertically adjusted in NGL’s opGPS IWV product with an empirical formular as described in
Appendix D. The vertical change of T;,, has not been considered in the opGPS IWV product because an
accurate lapse rate of T}, is hard to obtain from the surface level product. In comparison, the enGPS IWV
product was developed by using the meteorological data from the state-of-the-art ERAS reanalysis with 1-
hourly estimates at 0.25°x0.25° horizontal grids and 37 vertical pressure levels, with more advanced
vertical adjustment correction algorithms as described in Section 2.3 and Appendix C. Moreover, despite
non-real time, the atmospheric reanalysis products are generally considered to be superior to the
operational analysis products due to improvements in input data and assimilation algorithms (Dee et al.,
2009). Therefore, the meteorological data obtained from ERAS are expected to be more accurate than
those from TUW.

As for the quality control of the product, we carried out dedicated data screening (range check and
outlier check) on the GPS ZTD and enGPS IWV time series as described in Section 2.2 and 2.4,
respectively. However, these data screening steps were not included in the opGPS IWV product provided
by NGL.

For a fair comparison to the enGPS IWV product in this work, we also screened the opGPS IWV
product with the same algorithm in Section 2.4. The range check excludes 0.35% (3,849,630) of the
datapoints with unrealistic negative IWV estimates, which is 13 times larger than that of enGPS. In
particular, the IWV at four stations (CON2, MCG2, NAU2, and PHIG) on the high mountains (>3000
gpm) of Ross Island, Antarctica, were entirely smaller than zero in opGPS but rarely negative in enGPS.
As an example, Figure 5 compares their IWV estimates at station PHIG (77.53°S, 167.05°E, 3185.9 gpm).
All the opGPS IWYV estimates are unrealistically below zero, with values ranging from -13.0 to -1.7 kg m-
2. In contrast, the enGPS IWYV are between -0.3 and 2.5 kg m-2 with negative values at only 0.32% (335
out of 105,389) of the datapoints. The negative opGPS IWV estimates at station PHIG are likely caused
by the inaccurate ZHD provided by TUW with low spatial resolution and an unrealistic approximation of
the barometric formula (Eq. (D1) in Appendix D) used to adjust pressure from the TUW model surface to
an extremely high altitude. The results indicate that the enGPS IWV product is much superior to the
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opGPS IWV product in avoiding unrealistic negative IWV estimates, especially at the stations with high
altitudes. Therefore, the enGPS IWV product is recommended for those regions.
GPS: PHIG Lat:-77.53° Lon: 167.05° gpH: 3185.9 gpm

5 enGPS

C}T‘\ = ) & = SIS E -

=

=)

2 st

>

=

— -10r opGPS 1

15 i i i ; ; ‘

0 60 120 180 240 300 360

Day of year in 2020

Figure 5. Comparison of the unscreened enGPS (blue) and opGPS (red) IWV at station PHIG (77.53°S,
167.05°E, 3185.9 gpm). Hg,, is geopotential altitude in geopotential metre (gpm; see Appendix B).

9. Line 462, it reads “Both the mean LMS6-enGPS IWV differences at daytime and nighttime
are negative with values of -1.5 and -0.7 kg m-2, respectively.” On line 464, it reads “By contrast,
both the mean LMS6-enGPS IWYV differences at daytime and nighttime are positive with values
of 0.8 and 1.1 kg m-2, respectively.” It seems these two are contradicting with each other.

Reply: Sorry for the typo. The latter one should be M10-enGPS. This part has been
modified as follows:

Both the mean LMS6-enGPS IWV differences at daytime and nighttime are negative with values of -1.5
and -0.7 kg m™, respectively. Similarly, the values for Graw-enGPS IWV difference are -1.1 and -0.9 kg
m™, respectively. By contrast, both the mean M10-enGPS IWV differences at daytime and nighttime are

positive with values of 0.8 and 1.1 kg m™, respectively.

10. Line 489, “Finally, it is noted that the enhanced conversion of GPS-estimated ZTD to IWV
does not affect GPS position estimates.” It is not clear. Do you mean that the GPS positioning
accuracy cannot be improved if the IWV is used in tropospheric error correction during GPS
positioning calculation?

Reply: GPS positioning accuracy can be improved if the tropospheric delays are corrected
with more accurate algorithms during GPS data processing. Here, we meant to remind the users
of NGL’s GPS position product that this study only enhanced the IWV product from NGL and we
did not make any change on its GPS position product. As an outlook, we expect that both the
accuracies of GPS position and ZTD (and the IWV consequently) estimates can be improved if
tropospheric delays are corrected more accurately at the GPS data processing stage.

To be clearer, this sentence has been modified as follows:

Finally, it is noted that the implementation of the ERAS meteorological variables in this work to enhance
NGL’s GPS IWV product was carried out after the GPS data processing, and hence it does not affect the

operational GPS position product currently provided by NGL.
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11. Line 490, “If higher resolution numerical models were implemented at the GPS data
processing stage, then that should result in better position estimates together with the
simultaneously estimated ZTD.” What higher resolution numerical models are to be
implemented? Higher temporal resolution or higher spatial resolution or both? What numerical
models are you talking about? Do you talk the ERA5 model or other models?

Reply: We meant to talk about ERA5 and other models based on Weather Research and
Forecasting Model (WRF). The newly released VMF3 developed by TU Wien (Landskron, and
Boehm, 2018) is based on ECMWF operational Numerical Weather Model (NWM), and it
includes mapping functions and zenith delays with a resolution of 6-hourly 1°%1° grids at surface
level. In comparison, the ERA5 pressure level product has a resolution of 0.25°x0.25°, 37
pressure levels, and 1-hourly. Moreover, the regional NWMs for upper Rhine Graben developed
by using WRF are with 1-hourly grids with spacing of 2.1 km and 72 vertical levels (Fersch et al.,
2022). Owing to the extensive developments in NWM, the GPS tropospheric delays (ZTD, ZHD,
and ZWD) are expected to be estimated more accurately at the GPS data processing stage, and
thus the qualities of the GPS position and IWV estimates can also be enhanced.

This sentence has been modified as follows:

If higher resolution numerical models, such as ERAS and the models based on Weather Research and
Forecasting Model (WRF), were implemented at the GPS data processing stage, then that should result in
better position estimates together with the simultaneously estimated ZTD.

Reference:

Landskron, D. and Boehm, J.: VMF3/GPT3: refined discrete and empirical troposphere mapping functions,
J Geod, 92, 349-360, https://doi.org/10.1007/s00190-017-1066-2, 2018.

Fersch, B., Wagner, A., Kamm, B., Shehaj, E., Schenk, A., Yuan, P., Geiger, A., Moeller, G., Heck, B.,
Hinz, S., Kutterer, H., and Kunstmann, H.: Tropospheric water vapor: A comprehensive high resolution
data collection for the transnational Upper Rhine Graben region, Earth Syst. Sci. Data.
https://doi.org/10.5194/essd-14-5287-2022, 2022.



