
Response to reviewer 1

We thank the reviewer for his/her time, the thoughtful suggestions and
helpful comments. Guided by the two reviewers’ remarks the paper has been
corrected and revised. In the following we provide point-by-point responses
to the reviewer’s suggestions. His/her remarks are set in italics, our answers
are added in normal font. The revised text is indented.

General Remarks
[...]
On the negative side, the paper is overloaded with technical details. For
example, for a reader it may be difficult and hardly necessary to understand
DUMP and TIC events. The authors should more concentrate on the issues
important for radio occultations. On the other hand, the paper discusses
multipath propagation, but it suffers from the lack of discussion of difference
between the conditions of multipath propagation for spaceborne and ground-
based receiver observations. Therefore, the paper should be stripped off the
technical details and complemented with a physical discussion of multipath
propagation in ground-based observations.

We concur that the paper comprises a certain amount of technical detail. For
reasons discussed below, we prefer to keep sections 2.2 and 2.3 (“OpenGPS
receiver hardware” / “OpenGPS receiver software”), but — following a sug-
gestion by reviewer 2 — these two sections are now relegated to the ap-
pendix.

One of the objectives of this study is to heighten the awareness, that scientific
GNSS data processing already starts at the instrument level. Thus, technical
details of the receiver-internal processing algorithms may affect the final
results as much as the scientific algorithms applied during post-processing.

The “OpenGPS” instrument is one of the few open source / open archi-
tecture GPS receivers currently available to the scientific community. (The
“OpenGPS” receiver software and the “GLESER” raw data can be retrieved
via the Digital Object Identifier (DOI) doi:10.5880/GFZ.2016.1.1.002.) Since
there exists no refereed literature on the “OpenGPS” instrument, which has
been used in several measurement campaigns during the last decade, we
consider it worthwhile to include a certain amount of technical detail in
the present paper to help those, who intend to work more closely with the
“OpenGPS” source code.

Apart from the motivation to introduce “OpenGPS”, another key objective
is to draw the attention to the information content of GNSS signals at low
elevation angles. Multipath is certainly an important aspect of this type of
ground-based GNSS observation; its detailed study, however, is beyond the
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scope of this paper and will be addressed in future work. Following the re-
viewer’s suggestion (see below) we performed provisional Multiple Phase
Screen (MPS) simulations to support the interpretation of the observed
C/N0 profiles, in particular the observed C/N0 fluctuations. The revised
paper includes an additional section and figures describing the MPS results
(see response to specific comment below).

Differences of multipath signal propagation in spaceborne and ground-based
observations is addressed in the revised section 1 (“Introduction”) which
includes the following additional paragraph:

Clearly, the occurrence of multiple signal paths (“multipath”) connect-
ing transmitter and receiver instrument distinguishes ground-based
from space-based GPS measurements. Multipath, caused by signal
reflections in the direct vicinity of the receiving antenna, cannot be
avoided in most ground-based observations (see, e.g., Parkinson and
Spilker, 1996; Hofmann-Wellenhof, 2013); on a spaceborne platform,
however, these local reflections may be eliminated to a large extent
by careful spacecraft design and suitable antenna placement (cf., how-
ever, Gaylor et al., 2005). Within the framework of space-based radio
occultation the term “multipath” assumes an alternative connotation
and generally refers to tropospheric signal propagation close to the ray
tangent point, thousands of kilometers away from the receiver. Local
multipath, i.e. reflections in the vicinity surrounding the antenna,
can be described using geometric optics (see, e.g., Elósegui et al.,
1995; Anderson, 2000; Larson et al., 2008); tropospheric multipath
is a diffraction phenomenon and requires wave optical methods to an-
alyze quantitatively (see, e.g., Gorbunov, 2002; Sokolovskiy, 2001b).
In the following, however, we will argue that for elevation angles be-
low about +2◦ wave optical effects may contribute in ground-based
observations as well.

Specific Remarks

1. Introduction
While the authors are discussing ground-based experiment, it is expedient to
discuss not only radio occultations, but also ground-based observation used
for integrated water vapor retrieval.

The revised paper now starts with following paragraph in section 1 “Intro-
duction”:

For more than a decade the existing Global Navigation Satellite Sys-
tem (GNSS) infrastructure is exploited in meteorological applications
and climate studies. Ground-based GNSS observations reveal valu-
able information on the tropospheric water vapour content integrated
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along the signal path (see, e.g., Bevis et al., 1994; Braun et al., 2001;
Businger et al., 1996; Dick et al., 2001; Emardson et al., 1998; Rocken
et al., 1997; Tregoning et al., 1998; Vedel and Huang, 2004; Ware
et al., 1997; Hagemann et al., 2003, and references therein). Further-
more, space-based platforms equipped with GNSS receivers allow for
the derivation of vertical profiles of atmospheric refractivity, dry pres-
sure and temperature (see, e.g., Yunck et al., 2000; Kursinski et al.,
2000; Melbourne, 2004, and references therein). GNSS data products
derived from these ground-based as well as space-based observations
are being used by meteorological centres for assimilation into numeri-
cal weather prediction models (see, e.g., Cucurull et al., 2007; Anthes
et al., 2008; Healy and Thepaut, 2006; Liu and Xue, 2014; Poli et al.,
2010; Rennie, 2010, and references therein). In addition, climate stud-
ies increasingly take advantage of validated GNSS and GNSS-RO data
sets (see, e.g., Foelsche et al., 2011; Ringer and Healy, 2008; Steiner
et al., 2011; Gleisner and Healy, 2013; Schmidt et al., 2010; Poli et al.,
2010, and references therein).

36–37.
The resulting optical path length differences lead to constructive and destruc-
tive interferences Terms “constructive interference” and “destructive inter-
ference” are understood as in-phase or counter-phase interference resulting
in amplification of attenuation of resulting amplitude. Such a detailed de-
scription is unnecessary here. It is enough to say that interference results
in signal scintillations.

We concur; the revised sentence now reads:

The resulting optical path length differences lead to signal scintilla-
tions and these amplitude fluctuations increase the probability of an
early loss of tracking lock.

92–93.
“[...] from the signal tracking perspective we may still regard “GLESER”
recordings as radio occultation events in slow motion.“
This statement needs more elaboration. Ground-based observations have a
different geometry and, therefore, different conditions for multipath propa-
gation. These factors have to be analyzed.

We agree that “radio occultation in slow motion” is a somewhat loose ter-
minology. Therefore the sentence

Even if a ground-based observation does not lend itself to the deriva-
tion of bending angle profiles [...], from the signal tracking perspective
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we may still regard “GLESER” recordings as radio occultation events
in slow motion.

is replaced by

Even if ground-based observations do not lend themselves to the deriva-
tion of bending angle profiles [...], we regard “GLESER” observations
as a useful tool to investigate open-loop signal tracking in environ-
ments with strongly fluctuating SNR.

163–165.
“This 10 Hz shift can clearly be identified in fig. 3 (insert); here, O/L track-
ing mode starts at an elevation angle of −0.08◦ and reaches the nominal
10 Hz shift after a short settling phase at −0.13◦ elevation.”
However, here we observe some asymmetric between red and green curve.
How can this be accounted for?

The answer to this excellent question is twofold:

First, the strong transient asymmetry between the red and green line with
respect to the Doppler model, between −0.08◦ and −0.13◦ elevation angle,
is due to the specific design of the GP2021 hardware correlator. (We consid-
ered these aspects too technical for the general reader and therefore omitted
a more detailed explanation.) The GP2021 hardware correlator allows for
frequency adjustments of the NCOs in units of ∆fNCO ≡ 42.6 mHz; it does,
however, not support phase adjustments. I.e., during the first few seconds
of O/L tracking the two clone channels are gradually shifted towards the
phase of the O/L model by changing the corresponding NCO frequency by
±∆fNCO until the NCO is phase aligned with the O/L model. For the
setting event shown in fig. 3 this alignment process starts at about −0.08◦

elevation angle and is completed at about −0.13◦. The fact that in this
particular case the initialization process for the +5 Hz channel (red) is com-
pleted much earlier than for the −5 Hz channel (green) is accidental; the
red channel happened to be already in good alignment at the start of the
initialization.

Second, disregarding the 10 Hz offset between the two O/L channels, residual
fluctuations on the order of some 100 mHz are apparent even upon comple-
tion of the initialization phase (elevation angle below −0.13◦). Again, these
deviations arise from the specific design chosen for the “OpenGPS” O/L im-
plementation. The GP2021 hardware correlator supports multichannel car-
rier frequency (and code) adjustments, i.e. corrections to more that one chan-
nel can be applied concurrently using the “MULTI CHANNEL SELECT”
register. However, in our tests we found, that using this functionality had
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adverse side effects and therefore a separate feedback loop was implemented
and is used to keep the two clone channels separated by 10 Hz in Doppler
space. The feedback loop’s finite bandwidth cause the non-zero residual
fluctuations apparent in fig. 3 (insert).

The revised paper now includes the following explanation (figure number 3
refers to the paper, not this document):

Close inspection of the O/L carrier NCO frequencies in fig. 3 (red and
green lines), the insert shows a zoomed-in view, reveals residual devi-
ation of the O/L channel from the target Doppler model in addition
to the nominal values of ±5 Hz. First, at the start of O/L tracking
mode (at about −0.08◦ elevation angle) the two clone channels are
gradually moved into phase alignment to the O/L model by adjusting
the corresponding NCO frequencies (the GP2021 hardware correlator
does not support carrier phase adjustments). The duration of this
initialization process is shorter if the (arbitrary) initial phase happens
to be closer to the model phase targeted. Furthermore, even after
completion of the alignment process, small fluctuations on the order
of a few 100 mHz are still apparent. These fluctuations are caused
by the finite bandwidth of a dedicated feedback loop, which keeps the
two O/L channels separated by 10 Hz in Doppler space. (Accessing
the GP2021’s “MULTI CHANNEL SELECT” registers led to adverse
side effects in our tests.)

170–180.
For a reader, it may be difficult to understand what DUMP and TIC events
are. Is it necessary to go into these technical details?

The discussion of DUMP and TIC events is admittedly somewhat technical.
Following a suggestion by reviewer 2 sections 2.2 and 2.3 (“OpenGPS re-
ceiver hardware” / “OpenGPS receiver software”) are now relegated to the
appendix.

Figure 9.
“Success rate of internal navigation bit retrieval...”
I would not term the value of E a success rate. This value is zero for
the ideal demodulation, and it is unity for randomly chosen navigation bits.
Therefore, it should rather be termed a failure rate.

The point is well taken; text and figure caption are changed accordingly.

393.
“with respect azimuth angle” with respect to azimuth angle
Figure 13.
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Add the explanation of dark and light blue curves in the caption.

The typo is fixed and caption to fig. 13 (this figure number refers to the
paper, not this document) now reads:

Same as fig. 10, however, showing the residual frequency in O/L chan-
nel A as a function of ∆C/N0, the difference of the two O/L density
ratios (gray points). The theoretically expected result (equation 15)
is shown as dark blue lines. A significant amount of frequency alias-
ing is apparent from clusters following the light blue lines which mark
the expected result (equation 15), but are shifted by ±50 Hz. The
horizontal dashed lines indicate the −5 Hz residual frequency.

515–525, Figure 16.
All this part needs a significant improvement. The authors state that multi-
path presupposes vertical refractivity gradient, which is simply wrong. Take
a simple exponential atmospheric model. This model acts as a defocusing
lens, and, regardless of the vertical refractivity gradient, never creates mul-
tipath (effects like planetary flash are put aside). Multipath propagation is
caused rather by non-monotonic profile of refraction angle, i.e. it should be
linked to the second derivative of the refractivity.

However, even this would not suffice, because this effect requires some ob-
servation distance. The authors state that they average the vertical gradient
over the height interval from 0 to 2 km, but it remains unclear, what horizon-
tal locations were chosen. If they took just the observation region, then this
does not make sense. Figure 16 is not convincing either. In my view, none
of the plots indicates any correlation between the average refractivity gradi-
ent and C/N0 fluctuations. I cannot see anything special for PRN 22, 7,
and 13. Moreover, this is not surprising in the light of my previous remark.

The authors should present a physical analysis of the multipath propagation
condition, instead of the speculative model. Consequently, Figure 16 should
be replaced by the correlation with a more characteristic quantity derived
from ECMWF fields. The best way is just to perform forward simulation.
To my knowledge, at least one of the authors (Georg Beyerle) has enough
experience for that.

The reviewer is correct, that a non-zero vertical refractivity gradient is a
necessary, but certainly not a sufficient condition for the occurrence of mul-
tipath. The revised paper includes a new section describing Multiple Phase
Screen (MPS) simulations suggested by the reviewer:

Simulations
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In order to support the interpretation of the observed C/N0 fluctu-
ations we performed a series of Multiple Phase Screen simulations
(Knepp, 1983; Martin and Flatté, 1988; Grimault, 1998). The propa-
gation of a plane wave through the lower troposphere is modeled by a
series of 500 non-equidistant phase screens ranging from the receiver
location to a distance of 500 km. On each phase screen the wave suf-
fers a phase delay determined by the interscreen distance ∆z and the
refractivity height profile (Sokolovskiy, 2001a)

N(h) = 400 exp

(
−h
hs

) (
1− 0.05

2

π
atan

(
h− htp
hzn

))
(1)

with scale height hs = 8 km, planetary boundary layer (PBL) top
height htp and PBL top transition zone hzn = 50 m. The interaction
of the wave with the ground surface is modelled by applying a raised-
cosine filter with a 6 dB steepness of 25 m (i.e., within 25 m the filter
weight decreases by 6 dB) at zero altitude. The phase screens extend
from−20 km to +20 km with a 5 km wide raised-cosine filter applied at
the upper and lower boundary to suppress spurious diffraction effects;
the receiver altitude is taken to be 50 m. The variation of elevation
angle between −2◦ and +2◦ is modelled by tilting the ground surface
and its overlying atmosphere correspondly.

Results from four simulation runs are shown in fig. 1; it displays the
normalized signal amplitude as a function of elevation angle. Signal
absorption at the ground surface produces characteristic diffraction
patterns for elevation angels below 0◦ (red and blue lines). With-
out ground absorption the diffraction patterns almost disappear and
the profiles resemble step functions expected from geometric optics
(green and black). The simulations did not produce C/N0 fluctuations
for horizontally oriented PBL tops (parameterized by htp in eqn. 1).
However, if the top layer tilts towards the receiver, substantial signal
deviations at elevation angles above 0◦ are observed. Fig. 1 illustrates
this phenomenon for a PBL top layer ascending from 1 km at 30 km
distance to 2 km at about 60 km (green and blue lines); below 30 km
and above 60 km htp remains fixed at 1 km and 2 km, respectively.

The MPS simulation results plotted in fig. 1 indicate ground effects
below about 0◦ elevation angle (blue and red) and PBL-induced C/N0

variations above about 0◦ (blue and green). The results suggest that
these C/N0 fluctuations are independent from each other and tend
to be separated in elevation angle space. Finally, we note that the
addition of irregularities on spatial scales characteristic for turbulence
to the refractivity profiles did not produce significant C/N0 changes.

On the basis of these simulation results the analysis involving the correla-
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Figure 1: Normalized signal amplitudes as a function of elevation angle
derived from several Multiple Phase Screen simulations. Refractivities on
the individual phase screens are calculated from an exponential profile fur-
nished with a planetary boundary layer in the lower troposphere. Signal
absorption at the surface is taken into account (red and blue lines), green
and black lines show the result without ground absorption. Two boundary
layers are modelled: a horizontal boundary layer top at 2 km altitude (red
and black) and a layer top increasing from 1 km to 2 km between 30 and
about 60 km distance from the receiver (blue and green). For legibility the
red, green and blue lines are shifted by an additional +1 dB, +2 dB and
+3 dB offset, respectively. For details see text.

tion of C/N0 fluctuations with tropospheric refractivity gradients extracted
from ECMWF data was repeated. The revised analysis was modified in the
following way:

• For the original analysis the ECMWF grid point closest to the obser-
vation site at (52◦N, 13◦E) was used. This grid point is about 42 km
south of the receiver location. The “GLESER” observation window,
however, points mainly to the west and the MPS simulations sug-
gest that the relevant tropospheric air volumes are located about 30
to 50 km west of the observation site. The revised analysis, there-
fore, utilizes the ECMWF grid points (52◦N, 12◦E) for azimuth angles
< −90◦ and (53◦N, 12◦E) for azimuth angles ≥ −90◦.

• The MPS simulations also suggest that at the lowest elevation angles
diffraction effects caused by the ground surface dominate the observed
C/N0 fluctuations. The revised analysis, therefore, restricts the ranges
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of elevation angle for the estimation of σ (C/N0), the standard devia-
tion of C/N0, to +1◦, . . . ,+2◦.

• For the revised analysis the ECMWF data set has been extended and
now covers the period from 1 March 2014 to 31 August 2014.

The discussion of the revised analysis reads as follows:

The MPS simulations (fig. 1) suggest that at negative elevation angles
diffraction effects caused by the ground surface dominate the observed
C/N0 fluctuations. At higher elevations atmospheric multipath seems
to be more relevant. This hypothesis is tested for the six month time
period from March to August 2014 by correlating the standard devia-
tion of C/N0 between elevation angles of +1◦ and +2◦ with the mean
refractivity gradient 〈dN/dz〉. The calculation of 〈dN/dz〉 is restricted
to the altitude range from 1 to 3 km. Fig. 2 shows the results for nine
PRNs.

The vertical refractivity profiles N(z) are extracted from European
Centre for Medium-Range Weather Forecasts (ECMWF) meteoro-
logical fields. Their horizontal resolution is 1◦ × 1◦ (about 110 km
in meridional and 69 km in zonal direction at the receiver location)
with 137 height levels ranging from 0 to about 80 km; the averaging
interval of 1 to 3 km corresponds to about 13 vertical height levels. For
signal azimuth angles less than −90◦ (west to south-west) the refrac-
tivity profile is extracted from ECMWF grid point (52◦N, 12◦E), about
84.4 km south-west of the observation site (−119.8◦ true bearing). For
azimuth angles greater than −90◦ (west to north-west) the ECMWF
grid point (53◦N, 12◦E) is selected, which is located about 99.8 km in
the north-western direction (−45.8◦ true bearing). The standard devi-
ation of the carrier signal-to-noise density ratio, σ(C/N0), calculated
within the elevation angle range +1◦ < ε < +2◦, is taken as proxy for
the signal amplitude fluctuation.

Each panel of fig. 2 includes information on the correlation; the Pear-
son and Spearman coefficients are quoted in the top and bottom line,
respectively, (see, e.g., Press et al., 1992); the corresponding signifi-
cance parameters are given in brackets. The numerical values indicate
that 〈dN/dz〉 and the standard deviation of C/N0 are weakly to mod-
erately correlated. With the exception of PRN 17 (top right panel)
all calculated correlations are significant on the 5% level. The (nega-
tive) correlations range from −0.17 to −0.40. We note that ECMWF
refractivity profiles below 1 km frequently exhibit strong gradients.
Their inclusion into the calculation of 〈dN/dz〉 significantly decreases
the correlations or even renders them insignificant.

9



The MPS simulations (see fig. 1) also suggests that the (negative) cor-
relation between σ (C/N0) and 〈dN/dz〉 weakens if elevation angles
close to or below the horizon are included. The data displayed in fig. 3
confirms this prediction. It shows the correlation between σ (C/N0)
and 〈dN/dz〉, however in this case the elevation angle range used for
the calculation of σ (C/N0) is extended downwards to −2◦. Compar-
ison with fig. 2 shows that (with the exception of PRN 7 and the
Pearson coefficient of PRN 18) the derived correlations are no longer
significant, i.e. based on these results the null hypothesis cannot be
rejected on the 5% significance level.

Finally, we note that the “GLESER” campaign raw data files have been
supplied with the digital object identifier doi:10.5880/GFZ.2016.1.1.002 and
are available through the DOI resolver http://dx.doi.org/. The data are
supplemented with a set of documents describing the measurement data files
and an archive containing the “OpenGPS” receiver software used during the
measurement campaign.
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Figure 2: Standard deviation of C/N0 at elevation angles between +1◦

and +2◦ versus mean refractivity gradient for nine PRNs extracted from
ECMWF (March–August 2014). For PRN 13, 14 and 23 one data point
exceeds the axis limit of 4.2 dB Hz; its respective mean refractivity gradient
is marked by an arrow. (Of course, these observations are included in the
statistical analysis.) In the lower left corner of each panel correlation coeffi-
cients are given (top: Pearson’s coefficient, bottom: Spearman’s coefficient).
The corresponding significance parameters are stated in brackets. Results
from O/L channel B (green points) very closely agree with channel A data
(red) and therefore almost completely mask the latter.
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Figure 3: Same as fig. 2, however, the correlation analysis now includes
all observations at elevations between −2◦ and +2◦. With the exception of
PRN 7 (and the Pearson’s coefficient for PRN 18) the derived correlations
are no longer significant.

12



Bibliography

Anderson, K. D.: Determination of water level and tides using interferomet-
ric observations of GPS signals, J. Atmos. Ocean. Tech., 17, 1118–1127,
doi:10.1175/1520-0426, 2000.

Anthes, R. A., Bernhardt, P. A., Chen, Y., Cucurull, L., Dymond, K. F.,
Ector, D., Healy, S. B., Ho, S.-P., Hunt, D. C., Kuo, Y.-H., Liu, H.,
Manning, K., McCormick, C., Meehan, T. K., Randel, W. J., Rocken,
C., Schreiner, W. S., Sokolovskiy, S. V., Syndergaard, S., Thompson,
D. C., Trenberth, K. E., Wee, T.-K., Yen, N. L., and Zeng, Z.: The
COSMIC/FORMOSAT-3 mission: Early results, Bull. Am. Meteorol.
Soc., 89, 313–333, doi:10.1175/BAMS-89-3-313, 2008.

Bevis, M., Businger, S., Chiswell, S., Herring, T. A., Anthes, R. A., Rocken,
C., and Ware, R. H.: GPS meteorology: Mapping zenith wet delays onto
precipitable water, J. Appl. Meteorol., 33, 379–386, doi:10.1175/1520-
0450(1994)033<0379:GMMZWD>2.0.CO;2, 1994.

Braun, J., Rocken, C., and Ware, R.: Validation of line-of-sight
water vapor measurements with GPS, Radio Sci., 36, 459–472,
doi:10.1029/2000RS002353, 2001.

Businger, S., Chiswell, S. R., Bevis, M., Duan, J. P., Anthes, R. A., Rocken,
C., Ware, R. H., and amd F. S. Solheim, M. E. T. V.: The promise
of GPS in atmospheric monitoring, B. Am. Meteorol. Soc., 77, 5–18,
doi:10.1175/1520-0477(1996)077<0005:TPOGIA>2.0.CO;2, 1996.

Cucurull, L., Derber, J. C., Treadon, R., and Purser, R. J.: Assimila-
tion of Global Positioning System radio occultation observations into
NCEP’s global data assimilation system, Mon. Wea. Rev., 135, 3174–
3193, doi:10.1175/MWR3461.1, 2007.

Dick, G., Gendt, G., and Reigber, C.: First experience with near real-time
water vapor estimation in a German GPS network, J. Atmos. Sol.-Terr.
Phy., 63, 1295–1304, doi:10.1016/S1364-6826(00)00248-0, 2001.

13

http://dx.doi.org/10.1175/1520-0426
http://dx.doi.org/10.1175/BAMS-89-3-313
http://dx.doi.org/10.1175/1520-0450(1994)033%3C0379:GMMZWD%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1994)033%3C0379:GMMZWD%3E2.0.CO;2
http://dx.doi.org/10.1029/2000RS002353
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0005:TPOGIA%3E2.0.CO;2
http://dx.doi.org/10.1175/MWR3461.1
http://dx.doi.org/10.1016/S1364-6826(00)00248-0
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