Dear Authors,

| have read your answers to the two Referee’s comments. In general, they are satisfying and revisions
should be implemented accordingly in the manuscript. However, some of the referee comments are
not or are incompletely answered, and some answers call for further argumentation and/or
additional details. Below you will find my specific remarks on the referees’ comments and your
answers. You will also find my own comments on the manuscript in the last section. Please provide a
line-by-line response to all remarks and comments and submit a revised version of the manuscript.

Best regards,
Olivier BOCK

Co-editor ANGEO for the GNSS4WEC Special Issue

Remarks on answers to Referee No. 1.
Referee comments in blue, your answers in red, my remarks and comments in black.

As a preliminary general comments, | would like to draw your attention to the fact that this Referee
raised 5 comments on page 3 (section 2.2 / Figure 1) and 7 comments on page 13 (Section 4 and Figs.
4 and 5), and that Referee No. 2 was also concerned about Figure 1 and its related comments. Please
provide a careful revision of these sections of the manuscript. Some suggestions are given below.

p03/113: is it not hazardous to include post-fit residuals into STD formulation? PFRs represent mis-
modeling of troposphere, but also for antenna mis calibration, multipath, liquid water, unmodeled
solid earth displacements, etc.

We agree and we removed post-fit residuals term from the formula and from the text.

Please answer the issue raised by the referee regarding the information contained in the post-fit
residuals, especially as post-fit residuals are shown in Fig. 6.

p03/133: in my opinion "Gn*cos(a)+Ge*sin(a)" is not "the projection of the horizontal gradient
vector in the direction of the individual satellites": it has to be multiplied by mfg(e), otherwise it
is the projection onto zenith of horizontal gradient magnitude.

The projection is just in the horizontal plane, thus not using the gradient mapping function. We
substituted the word “direction’ with ‘azimuth’ as it was used in the figure caption.

| think the misunderstanding here comes from what you call “gradients” in Fig. 1 which is actually the
component of STD due to azimuthal asymmetry of the atmosphere (Chen and Herring, 1997). The
term “gradient” should be restricted to the vector G (Gn, Ge). It would be much more clear if you
define the quantity plotted in Fig. 1 by an equation as | already suggested in the preliminary review.

p03/131-p04/108: | wonder if figure 1 is really useful. A simple comparison of mapping functions
plotted according elevation will highlight the maximum values of each mf. The right part is shortly
described in text, but it is not used to support any statements. Moreover, the black dots (for a single
epoch, 20:30UTC) do not help to support any statements either. Maybe you could just replace this
figure by a mfg comparison.



We decided to remove the dependence on elevation angle and black dots for a single epoch. We
then kept the original left figures when directly comparing mapping factors (range in x-axis) and
ranges of gradients (scatters in y-axis) for three gradient mapping functions. Based on this figure, we
could focus on the two extreme mfg in the following part.

| agree that Fig. 1 is useful here to illustrate the variation of the delay due to the horizontal gradients
and the size of the mapping factors, given that it is clarified as suggested above.

p06/15-p06/110: as you mention, gradients retrieved from NWP depends on mfg (BS or CH). Why do
not use your ray-tracing algorithm to compute gradient with their closed form expression depending
on NS and EW horizontal gradient of refractivity? (See Davis et al., 1993, RS)

We calculate the tropospheric gradients from ray-traced delays by least square adjustment to be as
close as possible to the method applied in the GNSS analyses for parameters estimation.

You justify what you did but you don’t really answer the referee’s question. | think the referee
suggested computing Gn and Ge from the integrals defined e.g. in Davis et al., 1993. This is another
approach. Did you compare both approaches? Is there a reason why your approach is preferred?

p06-p07: Did the gradient modeling affect the estimation of positions? Maybe you could complete
Table2 with comparisons of position (height?) repeatability?

There were already published some studies which dealt with positioning changes related to
tropospheric gradients estimation which we cite in our paper. Since our focus is only the quality of
tropospheric gradients, we would rather not provide results for positioning.

| think the referee’s question and suggestion are relevant. Inspecting the station repeatability is a
standard approach to evaluating the quality of the processing, overall, and might thus help assess the
relevance of the different gradient models tested. It would certainly be useful and interesting to
check the station height repeatability. This is an additional validation to the NWP comparisons.

p07/Table2: | think it is important to have an overview of gradient time series in order to understand
the comparisons. Especially, unlike for ZTD we do not have many ideas about gradients magnitude
(maybe some ideas from figure 1): is a 0.01 mm bias significant? and a 0.76 mm stdev? These values
may be put into perspectives with gradient magnitude.

We do not provide gradient time series in this paper, the reader can find them i.e. in the cited
publication Li et al. (2015). However, we added a paragraph into the section 3.1 to describe typical
values of gradient components under standard and severe weather conditions and we provide
information on ZTD rate of change due to tropospheric gradient with an increasing distance from the
receiver. The bias of 0.01 mm is not significant in respect to typical values of gradient components
and also according to estimated standard deviation of comparisons.

The publication by Li et al. (2015) that you are citing here and in the manuscript only shows time
series for Onsala station (not included in your study) and for a different period. They are not directly
linked with the results of you study. By the way, the second referee also asked for time series. | agree
with their comments that it would be useful to give some insight into the temporal variability and
size of variations, rather than just giving values for means or extreme conditions.

I’'m not sure that the rate of change of ZTD with distance is a very relevant information as it is not
directly related with a measurable quantity. Instead, you could quantify the contribution of gradient
to the STD given by the 2" part in Eq. (1).



| agree with the both referees that some indication of the significance of the numbers should be
given especially since the gradient values (Gn, Ge) are very small (e.g. 0.3 mm quoted in the
Abstract). Significance statements should be supported by a statistical test.

p07/Table2: | wonder if the computation of correlation will be helpful to investigate the
comparisons. A linear fit?

We now provide linear correlation coefficients in table 2 to and table 3 and we updated the text
in this regards

Please answer the questions. Does the provision of correlations/linear fit help in the interpretation of
the results? If it doesn’t, you just have to mention it and not include the (unnecessary) results.

p07/Table3: same comments as for table2. Maybe the computation of correlation or linear fit will be
more relevant here.

See answer for the previous comment.
Please answer the question.

| recommend the authors to improve legibility of figures (by using a better resolution)? | also
recommend the use of an equation editor for mathematical expressions.

In the updated manuscript version all the equations are created using an equation editor.
What about the legibility of Figures?

For the final revised paper, | recommend that you provide the maps in uniform format.

Remarks on answers to Referee No. 2.
Referee comments in blue, your answers in red, my remarks and comments in black.

... My interpretation is that the present version has the form of a summary of the results, rather then
what is your message to the community on how to handle tropospheric gradients. My conclusion is
that it does not really matter which of the different processing option that are chosen given the data
that you have studied (excluding the near real time and real time solutions, as expected). Also the
small impact of adding GLONASS data may be an issue to raise for further investigations, possibly
related to a higher temporal resolution of the estimated gradients.

From our point of view, we provide a recommendation to the user everywhere we think it can be
given based on our own results: 1, we recommend using observations from very low elevation angles
to get better gradients (this was already shown also in paper by Meindl et al. (2004) which we cite).
2, we find a small positive impact coming from adding GLONASS in our processing (it can be however
different when using other products with satellite ephemerides and clock error corrections, different
weighting of observations from various GNSS, etc., and some other investigations related to multi-
GNSS data processing in general will follow). 3, we present the penalty in quality of tropospheric
gradients from real-time processing and we show that this penalty is mainly related to the quality of
used products. 4, we show that selection of gradient mapping function does not affect general
quality of estimated tropospheric gradients but their magnitudes (one has to be careful then with
comparing gradients from various sources due to existing systematic differences).



Please revise the Conclusion section according to the referee’s comments and highlight clearly the
four points you mention in your answer. Additionally, | would like to see a more insightful discussion
of your results, including a comparison to other past and recent studies.

1. Revise the statements regarding the study by Meindl et al. (2004). The improvement in precision
at lower elevation angles they noticed is only based on rms errors (formal errors) of the gradient
parameters. This is a well-known result, explained by the use of more observations and better
decorrelation of gradients from other parameters. It does not say whether they are more accurate.
Accuracy of the gradient estimates can only be tested by comparison with independent data (e.g.
from VLBI, MWR, NWP). Accuracy of the processing can also be tested by inspecting the coordinate
repeatability, which e.g. Meindl et al. (2004) did when they compared two processing variants, with
and without estimation of gradients, but not for different cutoff angles. This conclusion is actually
not consistent with Zhou et al. (2017) who observed better results at 7° and 10° compared to 3°. Can
you comment on this?

2. Discuss the sensitivity of results to addition of GLONASS data, and compare to other recent studies
(e.g. Zhou et al., 2017).

3. RT1 solution is slightly more accurate than the RT3 solution. Can you elaborate a bit more your
comments on the quality of the used RT clock and orbit products?

4.1 don’t understand what you mean by the ‘quality’ of the estimated gradients. | would suppose you
mean their accuracy, but if their magnitude is affected this means their accuracy is impacted as well.
Please clarify.

The conclusion that the magnitude of gradient parameter estimates is changing depending on the
used mapping function is important and should be better highlighted. Given the topic of this paper, it
is expected that this point is thoroughly discussed and that strong conclusions and recommendations
are given and not a final remark such as “it is hard to assess which mfg is more suitable for the
troposphere modelling in GNSS analyses”.

The issue of time sampling of the gradient parameters should be discussed as well. Though it is not a
limitation with the software you used, this question is of concern to many other scientists who use
different software packages (e.g. Bernese, GAMIT) where it is more common to use a 24-h sampling.

Another important question is to what extent your conclusions holds during more general
circumstances, because it seems as you have selected the two most extreme months for the
benchmark data set. It is of course a lot of work to address this question and give a reliable answer,
but it does not prevent you from an initiated discussion in the present manuscript.

We based our analyses on a data set from wet spring/summer season when the gradients could
provide a valuable information for meteorological applications. Although the time period covers
some severe weather events, it also contains a lot of days with standard weather conditions with
tropospheric gradients close to zero. So, the results should provide a good overview on the situation
in Europe during the warmer part of the year. On the other hand, we agree that new studies based
on different GNSS software a data sets should be done to strengthen and confirm our results.

Please add these comments in the revised manuscript. But | don’t understand your point about the
necessity of new studies based on different software. Can elaborate it? Maybe it is worth discussing
this point in the paper.



An overall question is that | would like to see a more critical discussion related to the numerical
weather prediction models. First of all their resolution is poor, given that probably most of the
large gradients occur in the atmospheric boundary layer. For example, for an elevation angle of
3° the propagation path at the height of 500 m will be approximately 10 km horizontally from
the ground-based reference station. That corresponds to the resolution of the limited area
model (WRF). One possibility to investigate the scale (temporal as well as spatial) of the
gradients is to use the WVR data mentioned in Section 2.1. Since you mention that these data
exist the reader will wonder why you do not use them for an assessment, even if the WVR data
only exist at a couple of sites.

We split our reaction into two parts:

1, we would be very careful about the statement that large gradients occur in the atmospheric
boundary layer. Please see i.e. a paper from Elosegui et al. (1999). According to his findings GNSS
tropospheric gradients are more sensitive to tropospheric features at larger heights, in different
words — i.e. the same type of tropospheric feature at the height of 3 km would cause a larger
gradient value than while occurring at the height of 0.5 km. And also sometimes (even during not
winter season) a hydrostatic gradient can prevail in total tropospheric gradient estimated by
GNSS. And these hydrostatic gradients are related to large scale (up to several hundreds of km)
features, not to local station asymmetry. Of course, we are aware of limitations of NWMs we use
in this study and we also state them in the paper. On the other hand, this is the first time when a
NWM with a 10 km horizontal resolution was used for comparisons with GNSS results and there
is a visible increase of its gradient magnitudes compared to outputs of global NWMs with 1°
horizontal resolution used in Dousa et al. (2016).

2, the usage of WVR for this study is problematic from several reasons: a) it is available only for a
single station (POTS, Germany) for the benchmark campaign; b) WVR measures IWV therefore it
can deliver only wet delay gradient, a hydrostatic gradient would need to be added from an
external source (NWM) to get a total gradient which is delivered by GNSS; c) data quality of WVR
observations at elevation angles below approximately 20-25° is generally poor (see i.e. Kacmarik
etal., 2017, AMT).

Please provide full detail of the references you are citing (Elosegui, Dousa, Kacmarik).

It seems that there is an interesting point of debate here on which atmospheric layer is impacting
most the estimated gradient parameters. Please add some elements of this discussion in the
manuscript regarding the sensitivity of tropospheric delay gradient parameters to hydrostatic and
wet gradients in the atmospheric refractivity. | think this was also discussed in early papers by Davis
et al., Radio Science (1993) or Chen and Herring, JGRB (1997).

Reconcile also your position with your statement in a previous publication “The first-order
horizontally asymmetric delay ... reflects local changes in temperature and particularly in water
vapour.” (Kacmarik et al., AMT, 2017).

Regarding your 1 point, | know at least one study which compared GPS gradients and gradients from
a NWP with a resolution of 0.1°x0.1°, and it is from 2002:

Walpersdorf, A., E. Calais, J. Haase, L. Eymard, M. Desbois and H. Vedel, Atmospheric gradients
estimated by GPS compared to a high resolution numerical weather prediction (NWP) model. Physics
and Chemistry of the Earth, Part A: Solid Earth and Geodesy, Vol. 26 (3), pp. 147-152, 2002.



Regarding your 2™ point, | am surprised of your answer because: a) A single station was used in your
previous publication (Kacmarik et al., AMT, 2017) as well as in Lu et al., JGR, 2016, and Li et al. GRL,
2015; b) You solved the problem of hydrostatic gradient in Kacmarik et al., AMT, 2017, for the same
COST Benchmark dataset, so it would be a strong argument to re-use these WVR data to compute
gradient parameters and use them in this study as an additional source of validation; c) you suspect
the quality of WVR data is poor below an elevation of angle 20-25° (even 40° is the quoted in
Kacmarik et al., 2017) but according to the numerous publications which used such data, one would
rather suspect that there was an issue with the data or the comparisons used in your previous study.
This last point merits probably further investigation and should be commented.

Lu, C., X. Li, Z. Li, R. Heinkelmann, T. Nilsson, G. Dick, M. Ge, and H. Schuh (2016), GNSS tropospheric
gradients with high temporal resolution and their effect on precise positioning, J. Geophys. Res.
Atmos., 121, 912-930, doi: 10.1002/2015JD024255.

Additional Editor comments.

The additional comments below should help to strengthen the relevance of the manuscript for the
final publication.

General comments

One of your strong conclusions is that changing the gradient mapping function impacts the
magnitude of the estimated gradient parameters. | would surmise that this impacts also the ZTD
estimates and possibly the STD estimates. Can you comment on this point? Some quantitative results
would be useful (e.g. correlation analysis of ZTD/gradient/STD differences).

Compare and discuss the results from this study to similar recent studies such as Li et al., 2015; Lu et
al., 2015, 2016; Zhou et al., 2017; etc. who also evaluated GPS and GNSS gradient estimates, namely
in against NWP data and WVR data.

Provide more insight into the significance of the gradient magnitudes and differences as the numbers
reported in the manuscript are very small (< 1 mm) and may seem negligible to many readers. This
should be done by using a statistical significance test when comparing two results. For instance, a
0.01 mm difference when adding GLONASS data (change of SDEV from 0.48 to 0.49 mm, quoted as
2% in the conclusions) is probably not significant but a 0.06 mm difference when changing the
mapping function (from 0.48 to 0.42 mm) probably is. This would also help you to clearly
(objectively) state and conclude about the results.

Better insight into the results would be brought by changing slightly the order of presentation.
Starting with present subsection 3.3 and Tables 4 and 5 would help introducing the magnitudes,
directions and formal errors of gradients (answering some comments by the referees), and provide a
first discussion of the sensitivity of different processing options based on statistics for GNSS results
only. Time series could be included here. Then, the variants could be inter-compared (present
subsection 3.1) and finally the validation using NWP data and maybe the WVR data.

Finally, a major revision is required in Section 4 and in the discussion/conclusions as also asked by the
referees. In its present form Section 4 appears as an additional piece of work on the impact of the
observation elevation-dependent weighting, but for a single day. Instead, it should be included in the
main study, as a dedicated sub-section if you wish, and treated with the same methodology (243
stations, 55 days). It is an important aspect of the sensitivity study, as you mention in the



Introduction, which merits a proper treatment. The particular day discussed could be used as a case
study, in a similar way as done with Fig. 2 and 3.

Specific comments

P1L13: include “observation elevation-dependent weighting” as one of the processing aspects that
are investigated

P1L16: “a clear relation to real weather conditions” appeals for two comments: 1) such as statement
would imply that you studied the results with more information and description on the weather
situations (instead, | only found in the manuscript indication that “a weather front was passing over
the studied area” PI9L6); 2) Isn’t it obvious that there is a relation with the gradient maps and
weather conditions? (otherwise it would be really problematic using GNSS data for meteorology).
Please be more specific. You can write that you illustrated gradient maps in the case of two weather
fronts, etc.

P1L18: “systematic effects...” assumes that the results are based on some average (not just one day).

P1L20-22: the global scale results are out of scope for the paper; and the last part of the sentence is
not clear (are the large local gradients the cause of differences? Difference wrt to what?)

P2L7: “Dousa et al. (2018a) demonstrated the advantage of similar pseudo-observations in the 2-
stage troposphere model combining optimally NWM and GNSS data”. What are pseudo-
observations? What do you mean by combining optimally NWM and GNSS data? Be more specific on
objectives, methods and results/conclusions of the cited study like you did for Brenot et al., Morel,
etc.

P2L20: “systematic errors”: Gradient estimates from NWP models used in this study are computed
using the CH gradient mapping function (P6L8-10). This choice implies a systematic difference
compared to e.g. BS gradient mapping function. For this reason, it is not possible to assess the bias,
or systematic, or absolute errors of the GNSS gradient estimates. Please be careful here and
throughout the manuscript about using the term “bias” and prefer systematic or mean difference
instead.

P3 Eq. (2) and (3), and in other equations, use ‘e’ for denoting the elevation angle rather than ‘ele’.

P4L4: “inversely proportional” implies a 1/x variation but this is not the case (and the demonstration
would require fitting a function in the data). Please reformulate.

P6L1-2: “under the assumption of a spherically layered atmosphere” from the local vertical profile?
P6L3: say here that this fitting is done using the CH mapping function in this study.
P6L6: what is the “standard elevation angle dependent weighting”? Be more specific.

P6L8-10: “comparison with GNSS gradients estimated with BS mfg should be treated cautiously” This
sounds like a warning to the readers or to the users of your results. | think it is your work to interpret
your results properly given this limitation. Please reformulate and add comments on the BS results
where presented.

P6L15: is there a reason/explanation why you chose 5% as the limit?

P7L3: explain why you expect “negative biases”



P7L9: “The two RT solutions can be still considered of good quality if we take into consideration
results found in Ahmed et al. (2016) or Kacmatik (2018).” Be more specific.

Table 2: reverse the differences in the RT results: RT1GxCH3 - GxCH3 (etc.) instead of GxCH3 -
RT1GxCH3, as it is standard to use the reference data to the right.

Indicate the number of data points used in the computation of statistics.

Could the increase in standard deviation for RT3 be due to unrealistic cases such as illustrated in Fig.
3?7 Some data screening should be applied before computing the statistics.

P8L12: “Obviously, NWMs cannot be regarded as a ground truth” Should be reformulated.
PIOL6: “when a weather front was passing” use plural as they were different events

PIOL11: “A detailed evaluation of tropospheric gradient maps with meteorological observations will
be a subject of an upcoming study.” This sentence suggests that the present study is not complete. |
suggest removing it. But | suggest also to include more meteorological information on the cases
illustrated in the present study, otherwise it is difficult to conclude on the relevance of GNSS
gradients regarding the meteorological situations.

P11L21: “a developed area in south-west Germany” sound awkward, please reformulate.

P12L3: “It suggests to reflect only the impact of differences in mapping factors on calculating formal
errors.” | don’t understand how the mapping factors influence the formal errors.

P13L12: “all the OEW schemes demonstrate a strong impact of low-elevation observations reflecting
an actual local tropospheric asymmetry in the water vapour distribution” this sentence is a bit
surprising for two reasons: 1) the OEW schemes are expected to reduce the impact of noisy low-
elevation observations and 2) their impact is expected to be quite different. And second remark: how
can you be sure the local tropospheric asymmetry is in the water vapour distribution?

P14L6-10: the description of figure 6 is not clear. To me the results in the right panel (EQUAL) look
more homogeneous whereas in the left panel (SINEL2) there is a steep variation with elevation (even
above 30° where it becomes more difficult to see but | guess the shape more or less varies as
1/sin(e)). Please correct.

P14L10-12: what is “a more realistic view”? This sentence is not clear and too long. Please
reformulate.

The following part of the sentence (with corrections) could be introduced at the start of the
paragraph to explain what is expected. “errors in GNSS observations which are expected to increase
with a decrease of elevation angle, besides-atmosphericones-we-mean-e-g: due to multipath effects,
uncertainty of receiver antenna phase centre variations, lower signal-to-noise ratio, ebstructions or
cycle slips.” Obstructions do not produce errors, they simply cut off the observations.

P15L8: “all post-processing solutions can be regarded as robust and their gradient estimates are
clearly related to real weather conditions” | didn’t get how you checked the robustness of the
solutions, maybe use another term or specify based on which diagnostics you can conclude that. And
the relation to real weather conditions was not demonstrated, only two cases were illustrated (and
not based on meteorological diagnostics).



P15L9: “which are fully independent of meteorological input data” please clarify what you mean
here. | think the GNSS processing is not completely independent of NWP data since mapping
functions are derived from NWP data (even GMF).

P15L10: “tropospheric gradients thus provide additional interesting information in support of NWM
forecasts” forecasting is not the only application, and in the Introduction you wrote that gradients
are not assimilated. Please correct.

P15L11-13: Need be reformulated e.g. “Better agreement was found between GNSS gradients and
NWM when the cut-off elevation angle was decreased from 7° to 3° (the standard deviation of
differences decrease by 10 %), for both the single- and dual- constellation results.”

P15L27-32: needs be reformulated and integrated into the main discussion.
P15L32-33: the long-term mean gradient results in the Appendix are not part of the main study.
P16L1-5: needs be reformulated (see comments above).

Appendix A: the discussion should be stand-alone. Instead of citing Meindl et al. (2004), | suggest
that you add maps of mean GN and GE from ERAS, or maybe only GN but for CH and BS mfg. The
figure should be labelled A1l.

Technical corrections: see the annotated manuscript
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Sensitivity of GNSS tropospheric gradients to processing options
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Abstract. An analysis of processing settings impact on estimated tropospheric gradients is presented. The study is based on
the benchmark data set collected within the COST GNSS4SWEC action with observations from 430 GNSS reference stations
in central Europe for May and June 2013. Tropospheric gradients were estimated in eight different variants of GNSS data
processing using Precise Point Positioning with the G-Nut/Tefnut software. The impact of the gradient mapping function,
elevation cut-off angle, GNSS constellation and real-time versus post-processing mode were assessed by comparing the
variants by each to other and by evaluating them with respect to tropospheric gradients derived from two numerical weather
prediction models. Generally, all the solutions in the post-processing mode provided a robust tropospheric gradient estimation
with a clear relation to real weather conditions. The quality of tropospheric gradient estimates in real-time mode mainly
depends on the actual quality of the real-time orbits and clocks. Best results were achieved using the 3° elevation angle cut-
off and a combined GPS+GLONASS constellation. Systematic effects of up to 0.3 mm were observed in estimated
tropospheric gradients when using different gradient mapping functions which depend on the applied observation elevation-
dependent weighting. While the latitudinal troposphere tilting causes a systematic difference in the north gradient component
on a global scale, large local wet gradients pointing to a direction of increased humidity cause systematic differences in both

gradient components depending on the gradient direction.

1 Introduction

When processing data from Global Navigation Satellite Systems (GNSS), a total signal delay due to the troposphere is
modelled by epoch- and station-wise Zenith Total Delay (ZTD) parameters, and, optimally, together with tropospheric
gradients representing the first order asymmetry of the total delay. ZTDs, which are closely related to Integrated Water Vapor
(IWV), are operationally assimilated into numerical weather prediction models (NWM) and have been proven to improve
precipitation forecasts (Vedel and Huang, 2004, Guerova et al., 2006, Shoji et al., 2009). Previous studies demonstrated that
the estimation of tropospheric gradients improves GNSS data processing mainly in terms of receiver position and ZTDs (Chen
and Herring, 1997, Bar-Sever et al., 1998, Rothacher and Beutler, 1998, lwabuchi et al., 2003, Meindl et al., 2004).
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Tropospheric gradients are not assimilated into NWMs, however, they are essential for the reconstruction of slant total delays
(STD). The STDs represent the signal travel time delay between the satellite and the station due to neutral atmosphere and
they are considered useful in numerical weather prediction (Jarvinen et al., 2007, Kawabata et al., 2013, Bender et al., 2016)
and reconstruction of 3D water vapor fields using the GNSS tomography method (Flores et al., 2000, Bender et al., 2011).
Brenot et al. (2013) showed a significant improvement of IWV interpolated 2D fields when tropospheric gradients are taken
into account. With the improved IWV fields, the authors studied small scale tropospheric features related to thunderstorms.
Dousa et al. (2018a) demonstrated the advantage of similar pseudo-observations in the 2-stage troposphere model combining
optimally NWM and GNSS data. Morel et al. (2015) presented a comparison study on zenith delays and tropospheric gradients
from 13 stations at Corsica Island in the year 2011. Despite a good agreement in the ZTD, they found notable discrepancies in
tropospheric gradients estimated using two different GNSS processing software. Besides different processing methods
(double-differenced network solution versus Precise Point Positioning, PPP (Zumberge et al., 1997) solution), the two software
used different gradient mapping functions. Dousa et al. (2017) indicated a problem with systematic errors in tropospheric
gradients due to absorbing instrumentation errors. Minimum attempts were made to compare the tropospheric gradients with
independent estimates, i.e., those derived from Water Vapor Radiometer (WVR) or NWM data. For a selected humber of
stations such a comparison was made in Li et al. (2015) to show that with the upcoming finalization of new systems such as
Galileo and BeiDou the improved observation geometry yields more robust tropospheric gradient estimates. Another multi-
GNSS study on tropospheric gradients (Zhou et al., 2017) used data from a global network of 134 GNSS stations processed in
six different constellation combinations in July 2016. An impact of gradients estimation interval (from 1 to 24 h) and cut-off
elevation angle (between 3° and 20°) on a repeatability of receiver coordinates was examined. Better results were found for
solutions where a shorter time interval of tropospheric gradient estimation was used and where the elevation cut-off angle of
7° was applied. However, systematic errors and impacts of a gradient mapping function or observation weighting have not
been studied yet.

In this work, we systematically evaluate the quality of tropospheric gradients estimated from a regional GNSS dense network
under different atmospheric conditions. Using a unique data set, we study the impact of several approaches. ZTDs and
tropospheric gradients are then compared with the ones estimated from two NWMs — ERA5, which is a global atmospheric
reanalysis, and a limited area short range forecast utilizing the Weather Research and Forecasting (WRF) model. Finally, we
quantified systematic differences in tropospheric gradients coming from the gradient mapping function and the method of

observation weighting during a local event with strong wet gradients.

2 Data and Methods
2.1 Benchmark data set

The benchmark campaign was realized within the European COST Action ES1206 GNSS4SWEC to support development and

validation of a variety of GNSS tropospheric products. An area in central Europe covering Germany, the Czech Republic and
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part of Poland and Austria was selected as a domain while May and June 2013 as a suitable time period due to occurrence of
severe weather events including extensive floods. Data from 430 GNSS stations were collected together with meteorological
observations from various instruments (synoptic, radiosonde, WVR, meteorological radar, etc.). In addition, tropospheric
parameters from two global and one regional NWMs were generated. Detailed information about the benchmark campaign
can be found in Dousa et al. (2016). Although the presented study is based on the GNSS data collected within the benchmark
campaign, all the presented GNSS and NWM solutions were newly prepared for this study.

2.2 Estimation of tropospheric gradients from GNSS

The STD as a function of the azimuth (a) and elevation (e) angle can be written as follows:

STD(a,e) = mfh(e) x ZHD + mfw(e) * ZWD + mfg(e) » (Gn * cos(a) + Ge * sin(a)) + R (1)
where ZHD denotes the Zenith Hydrostatic Delay and ZWD denotes the Zenith Wet Delay. The elevation angle dependency
is given by mapping functions, which are different for the hydrostatic (mfh), wet (mfw) and gradient (mfg) part. The
tropospheric horizontal gradient vector is defined in the local horizontal plane with two components, one for the north-south
direction (Gn) and one for the east-west direction (Ge). The post-fit residual R represents any un-modelled effects (Shoji et
al., 2004).

During GNSS data processing, the ZHD is commonly taken from an a priori model, e.g. Saastamoinen (1972) or Global
Pressure and Temperature (GPT, Boehm et al., 2007) based on climatological data, or it can be derived from NWM data. The
ZWD, or a correction to the modelled ZHD, and tropospheric gradients are estimated as unknown parameters using a
deterministic or stochastic model.

Current mapping functions for hydrostatic (mfh) and wet (mfw) delay components are based either on climatological data, e.g.
Global Mapping Function, GMF (Boehm et al., 2006a) or NWM data, e.g. Vienna Mapping Function, VMF (Boehm et al.,
2006b). An advantage of the first approach is its independence of external data. Several mapping functions for tropospheric
gradients have also been developed in the past, e.g. by Bar-Sever et al. (1998), by Chen and Herring (1997), or the tilting
mapping function introduced by Meindl et al. (2004). The gradient mapping function (mfg) by Bar-Sever (BS) is given as
mfg = mfw * cot(ele) 2

and from the formula is apparent that it depends on the selected mfw. The Chen and Herring (CH) mfg reads as

mfg = 1/ (sin(ele) * tan(ele) + ¢) 3)
where ¢ = 0.0032. Since c is related to the scale height, it experiences spatiotemporal variations. Nevertheless, based on
Balidakis et al. (2018) a variable ¢ does not yield a statistically significant improvement in describing the atmospheric state
over a constant c. Finally, the tilting mapping function is defined as a tilting of the mfw by using the so-called tropospheric
zenith.

Figure 1 shows the fractional contribution of the tropospheric gradients to the slant total delay expressed in Eq. (1) as (Gn *
cos(a) + Ge = sin(a)), i.e. the projection of the horizontal gradient vector in the direction of the individual satellites, as a

function of a) the mapping factor represented by actual values of the mfg (left plot), and b) the observation elevation angle
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(right plot). The figure includes all GNSS observations in the benchmark campaign on one specific day (May 31, 2013). The
x-range of gradient mapping factors clearly shows the difference in the three mfg. The tilting one gives the factors in between
BS and CH mfg and, consequently, results in values in between them - the figure clearly shows the maximum values are
inversely proportional to the maximum mfg factors. The black dots indicate values from a single epoch of the day (20:30 UTC).

Tropospheric gradients vs. mapping factors (2013-05-31) Tropospheric gradients vs. elevation angle (2013-05-31)
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Figure 1. Dependence of tropospheric gradients expressed in satellites azimuth on gradient mapping factors (left) and elevation angles of
actually contributing observations (right). Three mfg were studied on May 31, 2013: Chen and Herring mfg (blue), Bar-Sever mfg (red) and
tilting mfg (green). Black dots show only values from 20:30 UTC.

We use the G-Nut/Tefnut software (Vaclavovic et al., 2014) for GNSS data processing of the benchmark campaign. This
software utilizes the PPP method and is capable of multi-GNSS processing in real-time (RT), near-real time (NRT) and post-
processing (PP) mode with a focus on all the tropospheric parameters estimation: ZTDs, gradients and slant delays (Dousa et
al., 2018b). Stochastic modelling of the troposphere allows an epoch-wise parameter estimation by extended Kalman filter in
RT solutions (FLT) or its combination with a backward smoother which is used for NRT and PP solutions (FLT+SMT), see
Véclavovic and Dousa (2015).

Table 1 describes all eight variants of solution for the benchmark campaign produced using the G-Nut/Tefnut which differ in
(@) elevation cut-off angle (3° or 7°), (b) gradient mapping function (Chen and Herring = CH or Bar-Sever = BS), (c)
constellations (GPS only = Gx or GPS+GLONASS = GR) and (d) processing mode (post-processing using the FLT+SMT
processing or simulated real-time using the FLT processing only). All-the variants except-the-three-were-based on the post-
processing mode using the backward smoother and the ESA final orbit and clock products (http://navigation-
office.esa.int/GNSS _based_products.html). TFhree—additional—solutions,—abbreviated as RT1GxCH3, RT3GxCH3 and
RTEGxCH3, were included to test the performance of the Kalman filter and RT orbit and clock corrections instead-of a post-

capability of estimates-when-using the IGS01 (RT1GxCH3) and 1GS03 (RT3GxCH3) corrections from the IGS Real-Time
Service (RTS, http://rts.igs.org). Whilg IGS01 RTS product is a GPS only single-epoch solution produced using software
developed by ESA/ESOC-the IGS03 product is a GPS+GLONASS solution based on a Kalman filter and the BKG's BNC
software. The last solution, RTEGXCHS3, applying the ESA final product is used to test a benefit of the backward smoothing

on the one hand, and, an impact of the quality of RT corrections on the other hand. Unfortunately, the solution based on the


http://navigation-office.esa.int/GNSS_based_products.html
http://navigation-office.esa.int/GNSS_based_products.html
http://rts.igs.org/
Olivier Bock
Barrer 

Olivier Bock
Texte inséré 
The five

Olivier Bock
Barrer 

Olivier Bock
Barrer 

Olivier Bock
Texte inséré 
used

Olivier Bock
Barrer 

Olivier Bock
Texte inséré 
The three variants

Olivier Bock
Barrer 

Olivier Bock
Texte inséré 
The

Olivier Bock
Barrer 

Olivier Bock
Texte inséré 
. The


10

15

20

25

processing of GPS+GLONASS data in the simulated RT mode had to be rejected due to a highly variable quality of RT
correction in 2013 affecting mainly the GLONASS contribution.

The GPT model was used for calculating a priori ZHDs and the GMF was used for mapping hydrostatic and wet delays to the
zenith. Estimated tropospheric parameters are thus independent from any meteorological information. GNSS observations
were processed using 30-hour data batches when starting six hours before the midnight of a given day in order to eliminate the
PPP convergence. In all variants, the observation sampling of 300 s was used with ZTDs and tropospheric gradients estimated
for every epoch. The station coordinates were estimated on a daily basis. The random walk of 6 mm/sqrt(hour) was applied
for the ZTD and 1.5 mm/sqrt(hour) for the gradients. Absolute IGS model IGS08.ATX was used for the antenna phase centre

offsets and variations. All variants used the elevation observation weighting of 1/sin2(ele).

Table 1. Processing parameters of individual variants from the G-Nut/Tefnut software. Mode FLT denotes to simulated real-time solution
using Kalman filter only, FLT+SMT to post-processing solution using the Kalman filter and the backward smoother.

Solution Elevation Constellation Gradl_ent mapping b4 cts Mode
name cut-off function

GxCH3 3 GPS Chen and Herring ESA final FLT+SMT
GRCH3 3 GPS+GLONASS  Chen and Herring ESA final FLT+SMT
GRBS3 3 GPS+GLONASS  Bar-Sever ESA final FLT+SMT
GxCH7 7 GPS Chen and Herring ESA final FLT+SMT
GRCH7 7 GPS+GLONASS  Chen and Herring ESA final FLT+SMT
RT1GxCH3 3 GPS Chen and Herring IGSO01 RT FLT
RT3GxCH3 3 GPS Chen and Herring IGS03 RT FLT
RTEGXCH3 3 GPS Chen and Herring ESA final FLT

2.3 Estimation of tropospheric gradients from NWM

Tropospheric gradients and zenith delays were derived from the output of two different numerical weather models; the ERAS

(https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era5) and a simulation utilizing the Weather
Research and Forecasting (WRF) model (Skamarock et al., 2008). The ERAS is a reanalysis produced at the European Centre
for Medium-Range Weather Forecasts (ECMWF). The pressure, temperature and specific humidity fields are provided with a
horizontal resolution of approximately 31 km (T639 spectral triangular truncation) on 137 vertical model levels (up to 0.01
hPa). Although the ERA5 output is available every hour, we derived tropospheric parameters from it in 3-hour interval to avoid
an extensive data handling. The WRF simulations are performed at GFZ Potsdam. The initial and boundary conditions for the
limited area 24-hour free forecasts (starting every day at 0 UTC) stem from the analysis of the Global Forecast System (GFS)
of the National Centers for Environmental Prediction (NCEP). The pressure, temperature and specific humidity fields are
available every hour with a horizontal resolution of 10 km on 49 vertical model levels (up to 50 hPa).

The ray-trace algorithm by Zus et al. (2012) is used to compute STDs. The tropospheric gradients are derived from STDs as
follows. At first, 120 STDs are computed at elevation angles 3°, 5°, 7°, 10°, 15°, 20°, 30°, 50°, 70°, 90° and all azimuths
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between 0° and 360° with an interval of 30°). Second, we compute azimuth-independent STDs under the assumption of a
spherically layered troposphere. Third, the differences between the azimuth-dependent STDs and the azimuth-independent
STDs are computed. Finally, the gradient components are determined by a least-square fitting. For details the reader is referred
to the Appendix in Zus et al. (2015).

Using ERA5 long-term global data, we experimented-with different observation elevation weighting schemes (equal versus
standard elevation angle dependent weighting) and two mfgs (BS and CH). While using different observation elevation
weighting schemes led to negligible differences in the tropospheric gradients, we found a significant systematic difference in
the north gradient component between tropospheric gradients derived with BS and CH mfg (see Appendix A). Since NWM
derived tropospheric gradients presented in this study were computed using CH mfg, in principal their comparison with GNSS

gradients estimated with BS mfg should be treated cautiously.

3 Impact of applied processing settings on GNSS tropospheric gradients estimation

ZTDs and tropospheric gradients from all eight variants were compared to each other and to the tropospheric parameters from
ERAS and WREF to evaluate the impact of various settings in GNSS data processing. Although about 430 GNSS stations are
available in the benchmark data set, results given in this section are based on a subset of 243 stations. Firstly, 84 stations
without the capability of receiving GLONASS signals were excluded. Secondly, stations which did not have at least 5 % of all
the observations in the range of elevation angles between 3° and 7° were excluded as well. This rule was applied to allow a
systematic evaluation of elevation cut-off angle impact on tropospheric parameters. The majority of the stations (103) had to
be excluded because of inability to provide a sufficient number of observations at very low elevation angles.

Tropospheric parameters from the G-Nut/Tefnut software were provided every 5 minutes while the output from the WRF
model was available every hour and the output from the ERA5 model was computed every three hours. Therefore, comparisons
between GNSS solutions are based on a 5-minute interval while comparisons between GNSS and NWM solutions are based

on a 3-hour interval.

3.1 Comparison of individual GNSS variants with each other

Results for individual GNSS variants comparison based on 3.6 million of pairs of values over 55 days and 243 GNSS stations
are presented in Table 2. We notice a good agreement among all the post-processing (PP) variants from the statistics. The
standard deviation (SDEV) indicates the smallest impact due to the change of mfg for both ZTD estimates (0.2 mm) and
tropospheric gradients (~0.14 mm). The impact increases then slightly when comparing results of a single-/dual-constellation
(1.2 mm for ZTD, ~0.18 mm for gradients). In dual-constellation, GLONASS observations were down-weighted by a factor
of 1.5. The gradients estimated with improved geometry and using more observations are expected to provide more accurate

and reliable estimates which is notable in the comparisons of single-/dual-constellation at different elevation cut-off angles.
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Generally, the largest impact is observed due to the elevation cut-off angle, i.e. 2.2 mm and ~0.21 mm for ZTD and tropospheric
gradients, respectively.

There were no significant negative biases observed, but small biases of -0.05 mm and 0.03 mm for north and east gradient
component, respectively, when comparing solutions using CH and BS mapping functions. These small systematic effects are
attributed to the smaller tropospheric gradients computed with BS mfg compared to CH mfg (see Section 4). The larger effect
can be found in the north-south direction reflecting the mean gradient (see Table 4) pointing-towards-the equator.

A penalty of RT processing versus PP ones is visible on standard deviation values for ZTD and tropospheric gradients increased
by a factor of 3 and on significant biases. The two RT solutions can be still considered of good quality if we take into
consideration results found in Ahmed et al. (2016) or Ka¢maiik (2018). Since no significant biases for both ZTD and
tropospheric gradients were present in the RTEGXCH3 variant, when using the Kalman filter too, the quality of RT

tropospheric parameters is mainly a consequence of a lower quality of IGS01 and IGS03 RT products.

Table 2. Comparison of individual variants of GNSS data processing run in post-processing mode (top) and in simulated real-time mode
(bottom), units: mm.

Compared PP solutions ZTD N-S gradient E-W gradient
BIAS SDEV BIAS  SDEV _ BIAS _ SDEV
GRCH3 — GRBS3 0.0 0.2 2005 015 0.03 0.13
GRCH3 — GXCH3 0.1 11 0.00 0.17 002 016
GRCH7 — GXCH7 0.1 1.2 001 020 002 018
GRCH3 — GRCH7 0.1 21 0.01 0.20 0.00 0.18
GXCH3 — GXCH7 0.2 22 0.01 0.23 001 021
. ZTD N-S gradient E-W gradient
Compared RT solutions BIAS SDEV BIAS  SDEV _ BIAS _ SDEV
GXCH3 — RT1GXCH3 35 59 0.10 0.55 2018 057
GXCH3 — RT3GXCH3 27 64 0.05 0.76 0.08  0.80
GXCH3 — RTEGXCH3 01 44 0.00 0.39 0.02 0.44
RT1GXCH3 - RT3GXCH3 0.8 5.0 005 075 0.11 0.75

3.2 Comparison of individual GNSS variants with NWM

The statistics for the GNSS and NWM comparisons are summarized in Table 3. A bias of about 1 (4) mm is visible for ZTDs
between GNSS and ERA5 with standard deviations around 9 (11) mm for individual PP (RT) GNSS solutions. The standard
deviations are about 2 mm larger when GNSS and WRF are compared. This is probably due to the fact that the solution from
WREF is based on a 24-hour free forecast (errors are supposed to grow with increasing forecast length) whereas the solution
from ERAS is based on a reanalysis. We-attribute-anegative bias of -3 mm in ZTD between GNSS and WRF to the global
NCEP GFS analysis which is used for the initial and boundary conditions for the WRF solution. A negative bias of -5 mm in
ZTD between two GNSS reference solutions and a solution based on the NCEP GFS was already reported in the past (Dousa
et al., 2016).
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Table 3. Comparison of individual variants of GNSS data processing run in post-processing mode (top) and in simulated real-time mode
(bottom) with NWM solutions, units: mm.

Compared PP solutions ZTD N-S gradient E-W gradient
BIAS SDEV __ BIAS SDEV _ BIAS _ SDEV
GRCH3 — ERAb 1.0 8.8 20.02 0.48 001 048
GRBS3 — ERA5 1.0 8.9 0.03 0.42 003 043
GXCH3 — ERA5 1.0 9.1 -0.01 0.49 0.01 0.48
GXCH7 — ERA5 0.8 10.2 -0.02 0.56 0.01 0.53
GRCH7 — ERAS 0.9 9.8 -0.03 0.54 001 052
GRCH3 — WRF 28 112 -0.04 0.54 000 056
GRBS3 — WRF 28 112 0.01 0.49 002 052
GXCH3 — WRF 28 114 -0.04 0.55 0.02 0.56
GXCH7 — WRF 30 122 -0.04 0.61 0.03 0.61
GRCH7 — WRF 29 119 -0.05 0.59 0.01 0.60
. ZTD N-S gradient E-W gradient

Compared RT solutions g e——crey BIAS SDEV _ BIAS _ SDEV
RTIGXCH3_ERA5 45 10.3 012 0.58 0.20 058
RT3GXCH3—ERA5 3.6 10.7 -0.06 0.83 0.08 0.90
RTEGXCH3—ERA5 1.0 9.6 -0.01 0.47 001 046
RT1GXCH3 — WRF 07 12.6 -0.14 0.63 0.21 0.65
RT3GXCH3 — WRF 02 128 -0.08 0.87 0.09 0.95
RTEGXCH3 — WRF 28 119 -0.04 0.53 0.01 0.55
ERAS - WRF 38 110 -0.02 0.40 0.01 0.45

With regards to the tropospheric gradients, the biases between GNSS and NWM stayed within a range from -0.05 to 0.03 mm.
The exception was the GNSS RT solution RT1GxCH3 with a bias of -0.1 mm for the north component and 0.2 mm for the
east component. The standard deviations between GNSS and NWM were approximately doubled or tripled when compared to
standard deviations between individual variants of GNSS solutions. They were also found to be higher for the WRF than for
ERADS. Again, this can be probably explained by the fact that the solution from WRF is based on a 24-hour free forecast
whereas ERAS is based on a reanalysis.

Obviously, NWMs cannot be regarded as a ground truth. However, a similar pattern is present in results for both of them:
standard deviations are smaller for GNSS solutions using a lower cut-off elevation angle (3° instead of 7°) and when using
more observations (GPS+GLONASS). For example, the SDEV for north gradient component between GNSS and ERAS is
0.56 mm for the GXCH?7 variant while 0.48 mm for the GRCH3 variant. This represents a decrease of 14 %. From two GNSS

variants differing only in the mfg, the solution applying the BS mapping function is closer to the NWMs in terms of standard

deviation. This can be partly understood as the magnitudes (modulus of the gradient vector /Gn? + Ge?) of GNSS
tropospheric gradients using the BS mfg are smaller compared to the ones from the CH mfg (see next Section) and the
magnitudes of NWM tropospheric gradients are in general smaller and more smoothed compared to the GNSS tropospheric

gradients.
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Maps showing tropospheric gradients were generated for all the variants of GNSS solutions and both NWM solutions and
visually evaluated for the whole benchmark period. For better visualization we included all the GNSS stations of the benchmark
campaign, i.e. not just the subset of 243 stations used for the presented statistics. Generally, GNSS provided homogenous
fields of tropospheric gradients without a noisy behaviour at the level of individual stations and a very good agreement in
gradient directions and usually also in gradient magnitudes was found between GNSS and NWM gradient maps. In Figure 2,
two examples are shown for different events when a weather front was passing over the studied area. Tropospheric gradients
derived from NWM provided more smoothed gradient fields, but somehow limited to render local structures mainly due to the
spatial resolution of both NWMs. As the ERA5 model has coarser spatial resolution than the WRF model, such behaviour was
a little bit more apparent in its outputs. On the other hand, when compared to results of the 1° x 1° resolution global models
ERA-Interim and NCEP GFS (Dousa et al., 2016), the presented NWMs tropospheric gradients have larger magnitudes. A

detailed evaluation of tropospheric gradient maps with meteorological observations will be a subject of an upcoming study.
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Figure 2. Tropospheric gradient maps from GNSS GRCH3 solution (left), NWM ERADS solution (middle) and NWM WRF solution (right)
on 31 May 2013, 18:00 UTC (top) and on 03 June 2013 00:00, UTC (bottom).

Comparing GNSS to NWM products in Table 3 indicated that the RTEGxXCH3 solution driven by the Kalman filter and the
ESA final product shows a comparable performance to the GXCH3 solution driven by the Kalman filter and the backward
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smoother. An increase of bias and standard deviation values for other solutions based on RT mode indicates that the quality of
the RT tropospheric product is dominated by an actual quality of RT orbit and clock corrections. In this regard, we examined
systematically all tropospheric gradient maps and found that gradients from the RTEGXCH3 solution are always in a very good
agreement with PP solutions. Although there were imperfections in matching RT1GxCH3 gradients and PP solutions, the
performance can be still considered as generally good and stable. This was however not the case of the RT3GxCH3 solution
where we observed a varying quality of estimated tropospheric gradients. For the majority of epochs, in particular during the
periods with strong gradients, the tropospheric gradients could be evaluated as acceptable. However, situations when gradients
from all the stations point to the same direction occurred from time to time, obviously without a physical relation to the actual
weather situation. An example of this behaviour is presented in Figure 3 where tropospheric gradients from the RT3GxCH3
solution behave normally on 31 May 2013, 18:00 UTC, and became unrealistic on 6 May 2013, 18:00 UTC where all the
stations point to the south-west direction and reveal high gradient magnitudes. These issues occurred occasionally and for a
limited period of time and in the RT3GxCH3 solution only. It happened most probably due to many interruptions (mainly in

GLONASS RT corrections) which affected the quality of RT products and caused frequent PPP re-initialization.
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Figure 3. Tropospheric gradient maps from GNSS GxCH3 solution (left), GNSS RT1GxCH3 solution (middle) and GNSS RT3GxCH3
solution (right) on 31 May 2013, 18:00 UTC (top) and on 06 May 2013, 18:00 UTC (bottom).
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3.3 Additional assessment of processing settings on GNSS tropospheric gradients

Mean gradient magnitudes and azimuth angles (direction of gradient) over the whole benchmark period were computed for
243 GNSS stations and are presented in Table 4. Mean magnitudes of tropospheric gradients from all PP GNSS variants
oscillated around 0.85 mm and 0.67 mm when using the CH mfg and the BS mfg, respectively. Gradients computed using the
latter show about 17 % smaller gradients compared to the former if all the processing aspects remained identical. Both RT
solutions also resulted with higher gradient magnitudes, namely +14 % for RT1GXCH3 and +47 % for RT3GXxCH3 when
compared to the corresponding GXCH3 PP variant. A mean gradient magnitude of about 0.7 mm was found for both NWM
solutions, i.e. of about 0.1 mm smaller than for the GRCH3 solution. This can be mainly explained by the limited horizontal
resolution of the NWMs.

Table 4 shows that mean tropospheric gradients point towards the equator, see also Meindl et al. (2004). Such a mean gradient
direction does not depend on the gradient mapping function. By adding GLONASS observations the mean gradient direction
was changed by +2°, however, actual effects were found to be highly station-dependent with a typical range of £5° for
individual stations. The direction of mean gradient in both NWM solutions was in a very good agreement with that in all GNSS
solutions using GPS+GLONASS constellation.

Directions of mean gradient over individual stations were mostly within £15° when compared to the total mean gradient
estimated for the stations and the solution variant. On the other hand, the performance was not identical for the individual
solutions. A change of cut-off elevation angle from 7° to 3° led to a significantly increased number of stations with the mean
gradient direction within £15° of the total mean direction and to a decreased number of stations with a mean gradient direction
differing for more than 30° (regarded as outlier stations in Table 4). Two GNSS stations were marked as outliers by all
processed variants with their mean gradient direction differing by more than 50° from the total variant mean. Both of them are
located in a developed area in south-west Germany and are using the same receiver and antenna type from Leica, which is
however used by many other stations in the same region where no issues with gradient mean angle were identified. Still, the
reason of their different behaving can be of instrumental or environmental origin.

In Table 5, mean formal errors of ZTDs and both horizontal gradient components from GNSS data processing are examined
for all the processed variants. Formal error of the parameter can be generally regarded as an estimation uncertainty. Typically,
high formal errors for tropospheric parameters occur at situations when they were estimated under not favourable conditions,
it means i.e. low number of observations and/or their poor geometry and/or their poor quality. Both for ZTDs and horizontal
gradients a decrease of a mean formal error was occurring when more observations were used in the processing. This behaviour
is logical and expectable since a higher number of observations is being used to estimate the same number of unknown
parameters. On the other hand, when the solution GRCH7 using GPS+GLONASS observations and an elevation cut-off of 7
degrees was compared to the GRCH3 solution using the same constellation but a cut-off of 3 degrees, a decrease of formal
error in horizontal gradients was approximately 16.5 % but the increase in number of observations between these two solutions

was only 8 %. Since the decrease of formal error for ZTD in the same case was only 11 %, observations from very low elevation
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angles affect here more the horizontal gradients estimation than ZTDs. Using the BS mfg gives generally smaller formal errors
for tropospheric gradient estimates, but these do not differ significantly for any other estimated parameters when compared to

any other mfg. It suggests to reflect only the impact of differences in mapping factors on calculating formal errors.

5 Table 4. Mean magnitudes and azimuth angles of tropospheric gradients from all individual GNSS variants of processing and NWMs ERA5

and WRF.

Mean v Per(':entage. ) of Pert_:entagg ) of Number of
Solution magnitude ean . stations  wit meaf stations wit meaf outlier

(mm) azimuth (°)  azimuth = azimuth = tations

total mean =+ 15° total_mean + 30°

GRCH3 0.81 170.3 88.9 99.2 2
GRBS3 0.67 170.4 91.8 98.8 3
GxCH3 0.83 168.4 88.1 97.5 6
GxCH7 0.86 168.2 74.1 95.1 12
GRCH7 0.84 170.5 79.8 97.1 7
RT1GxCH3  0.95 152.4 92.6 97.9 5
RT3GxCH3  1.22 162.7 96.3 98.8 3
RTEGxCH3  0.75 168.7 86.0 97.5 6
ERAS5 0.69 171.8 97.1 100.0 0
WRF 0.73 171.0 100.0 100.0 0

Table 5. Mean formal errors and their standard deviation for tropospheric parameters from individual GNSS processing variants.

N gradient E gradient formal
GNSS ZTD formal error formal error error
solution Mean SDEV  Mean SDEV  Mean SDEV
(mm) (mm) (mm) (mm) (mm) (mm)

GRCH3 3.81 0.37 0.81 0.10 0.81 0.09
GRBS3 3.82 0.37 0.74 0.09 0.75 0.09
GxCH3 4.28 0.46 0.93 0.13 0.90 0.13
GxCH7 4.84 0.44 1.14 0.14 1.05 0.14
GRCH7 4.28 0.36 0.99 0.10 0.95 0.11

RT1GxCH3  6.71 1.72 0.91 0.08 0.92 0.09
RT3GxCH3  7.09 1.76 1.50 0.22 1.53 0.22
RTEGXxCH3  6.60 0.67 0.91 0.08 0.92 0.08

4 Systematic effects of GNSS tropospheric gradients estimation

10 In this section, we focus on systematic differences induced by utilizing different mfg and observation elevation-dependent
weighting (OEW). For two solutions defined in Section 2.2 and utilizing CH mfg (GRCH3) and BS mfg (GRBS3), we
additionally generated four variants using various OEW schemes: 1) EQUAL, equal weighting, 2) SINEL1, 1/sin(ele), 3)
SINEL2, 1/sin?(ele), and 4) SINEL4, 1/sin*(ele). The contribution of low-elevation observations to all estimated parameters
decreases with increasing power y in 1/sin¥(ele). As a consequence, the magnitude of tropospheric gradients is reduced due to

15 the strong dependence on such observations. The impact of the mfg on the estimated tropospheric gradients is then reduced

12



10

15

too. These variants were provided for May 31, 2013 which is an interesting day due to an occlusion front present over Germany,
and captured by strong tropospheric gradients both from GNSS and NWM.

Figure 4 displays maps of tropospheric gradients on May 31, 2013 (18:00 UTC) from both GRBS3 and GRCH3 solutions
when applying two selected schemes of OEW (EQUAL and SINEL?2). This particular epoch shows a significant difference in
magnitudes of estimated gradients. Figure 5 then shows a cumulative systematic difference (over all epochs in May 31, 2013)
in north and east gradient components between two mfg and OEWS. In this case, the systematic difference clearly depends on
both magnitudes and direction of gradients. A positive difference can be seen for the north gradient component when the actual
gradient points to north and east component when the actual gradient points to east. Negative differences occurred when
gradients were pointing to the opposite directions. A maximum systematic difference was observed for the EQUAL OEW,
while it has been reduced for the SINEL 1 weighting (not shown) and further for the SINEL2 weighting. A systematic difference
has been almost eliminated when using the SINEL4 weighting (not shown). Generally, all the OEW schemes demonstrate a

strong impact of low-elevation observations reflecting an actual local tropospheric asymmetry in the water vapour distribution.

GNSS Tropospheric Gradients - GRCH3/EQUAL [2013-05-31,18:00] GNSS Tropospheric Gradients - GRBS3/EQUAL [2013-05-31,18:00]
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Figure 4. Tropospheric gradient maps on May 31, 2013 (18:00 UTC) from GNSS solutions using: Chen and Herring mfg (left), Bar-Sever
mfg (right) and EQUAL (top) and SINEL2 (bottom) observation weighting schemes.
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Figure 5. Mean differences of tropospheric gradient north component (left) and east component (right) due to different mfg: Chen and
Herring (CH), Bar-Sever (BS) when using the EQUAL (top) and SINEL2 (bottom) observation weighting schemes. The differences are
cumulated over full day May 31, 2013.

Figure 6 finally displays carrier-phase post-fit residuals with respect to the elevation for selected solutions. The SINEL2 OEW

scheme in the left panel shows more homogenous distribution of carrier-phase post-fit residuals above the elevation angle of

30° when compared to the EQUAL scheme (right panel). While the mfg selection impacts SINEL2 residuals on a few

millimetre-level below 15°, the EQUAL residuals could be affected at any elevation angles even up to the zenith direction.

Generally, the SINEL2 results in a more realistic view considering the errors in GNSS observations which are expected to

increase with a decrease of elevation angle, besides atmospheric ones we mean e.g. multipath effects, uncertainty of phase

centre variations, lower signal-to-noise ratio, obstructions or cycle slips.

carrier-phase residuals [mm]

Post-fit residuals vs. elevation angle (2013-05-31)

Bar-Sever ®  Chen-Herring ® ]

30 40 50 60 70 80
observation elevation angle [deg]

90

Post-fit residuals vs. elevation angle (2013-05-31)

Bar-Sever ®  Chen-Herring ® ]

carrier-phase residuals [mm]

10 20 30 40 50 60 70 80 90
observation elevation angle [deg]

Figure 6. Post-fit phase residuals distribution when using different gradient mapping functions, Bar-Sever (red) and Chen and Herring (blue),
and observation weighting: SINEL2 (left) and EQUAL (right).
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5. Conclusions

We presented an impact assessment of selected GNSS processing settings on estimated tropospheric gradients together with
an evaluation of systematic differences resulting from gradient mapping function and observation elevation weighting.
Primarily, we exploited the GNSS4SWEC benchmark campaign of 430 GNSS reference stations and two months of data in
2013 during severe weather event occurrence. ZTD values and tropospheric gradients were estimated in eight variants of GNSS
data processing and derived from two NWMs (a global reanalysis and a limited area short range forecast).

Statistical comparisons and a systematic visual inspection of tropospheric gradient maps demonstrated that all post-processing
solutions can be regarded as robust and their gradient estimates are clearly related to real weather conditions. Solutions
provided tropospheric parameters in high temporal resolution (5 minutes) which are fully independent of meteorological input
data, and besides the ZTD, tropospheric gradients thus provide additional interesting information in support of NWM forecasts.
A positive impact of a lower cut-off elevation angle (from 7° to 3°) suggested more robust tropospheric gradient estimates.
Better agreements were observed between single- and dual- constellation products, when comparing to NWM gradients (a
decrease of standard deviation of 10 %) and when analysing station-wise mean gradient directions. This finding is in a full
agreement with Meindl et al. (2004) where a positive impact of using cut-off elevation angle of 3° instead of 10° was also
reported.

A small impact only was observed by adding GLONASS observations (a decrease of standard deviation of 2 % in comparison
with NWM gradients). This indicates that the post-processing tropospheric gradients can be well estimated already with using
GPS satellites when the quality of such gradients obviously benefit from very low elevation angle observations.

Using a simulated real-time processing mode, the agreement of GNSS versus NWM tropospheric gradients revealed an
increase in standard deviation of about 17 % (75 %) for IGS01 (IGS03) RT products when compared to the corresponding
GNSS post-processing gradients. We also show that the quality of real-time tropospheric parameters is dominated by the
quality of real-time orbit and clock corrections, and to a much lesser extent by the processing mode, i.e. Kalman filter without
backward smoothing. Tropospheric gradients from the RT solution using the IGS03 RT product showed occasionally a large
misbehaving of tropospheric gradients at all GNSS stations obviously not related to weather conditions. This was caused by
PPP re-initializations due to interruptions and worse quality of the IGS03 RT product, while normal results were achieved by
using the IGS01 RT product.

We studied systematic differences in estimated tropospheric gradients. Unlike for ZTDs, mean systematic differences up to
0.5 mm over a day (and even larger for a single epoch) can affect the magnitude of estimated tropospheric gradients due to
utilizing different gradient mapping functions or elevation-dependent weightings. This difference was observed between Bar-
Sever and Chen and Herring mfg while the tilting mfg behaves in between these two. These differences are observed in
magnitudes of the gradients, but not in directions. However, the gradient direction results in different signs and scales of the
two estimated gradient components. A long-term mean gradient pointing in a global scope to the equator causes systematic

differences up to 0.3 mm in the north gradient component between Bar-Sever and Chen and Herring mfg (see Appendix A).

15



10

15

20

Finally, it is hard to assess which mfg is more suitable for the troposphere modelling in GNSS analyses as we are missing
accurate products that could be accepted as ground truth. Smaller gradient formal errors from Bar-Sever mfg are mainly
attributed to larger mapping functions, while the better agreement with NWMs is due to the fact that the limited horizontal
resolution of the NWMs yields smaller gradients in general. In any case it is necessary to agree on the mfg at least when

tropospheric gradients derived from various sources (GNSS, WVR or NWM) are to be compared or combined.

Appendix A

In Figure 7 the systematic difference in the derived tropospheric gradients based on ERA5 data (average over 10 years) is
shown for any point on Earth's surface between tropospheric gradients estimated utilizing the BS mfg and tropospheric
gradients estimated utilizing the CH mfg. Whereas there is no considerable bias in the east gradient component, the mean bias
reaches up to 0.3 mm in the north gradient component (positive in the northern and negative in the southern hemisphere). We
note that the mean tropospheric gradients point to the equator (see Section 3.3), i.e., the north gradient component is negative
in the northern hemisphere and positive in the southern hemisphere. This is due to the fact that the mean zenith delays increase
towards the equator (see e.g. Meindl et al., 2004). The systematic difference between these two mfgs is due to the fact that for
the same slant total delays the magnitude of gradients which are estimated utilizing a smaller mfg are larger than the magnitude
of gradients which are estimated utilizing a larger mfg. The product of the mfg and the tropospheric gradients, i.e., the azimuth-
dependent part of the tropospheric delay, remains approximately the same.

3Gyg [mm]
-0.6 -0.3 0.0 0.3 0.6 -0.6 -0.3 0.0 0.3 0.6

8Ggy [mm]

Figure 7. Systematic difference (average over 10 years) for any point on Earth's surface between tropospheric gradients estimated utilizing
the gradient mapping function of Bar-Sever and tropospheric gradients estimated utilizing the gradient mapping function of Chen and
Herring. The left panel shows the north gradient component, the right panel the east gradient component. The result is based on ERA5 data.
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