
Dear reviewer:
Thank you for your precious comments and advice. Those comments are all valuable and

very helpful for revising and improving our paper, as well as the important guiding
significance to our research. We have studied comments carefully and have made correction
which we hope meet with approval. Revised portion are marked in red in the paper. The
main corrections in the paper and the responds to your comments are as follows:

Specific comments:
1．Lines 50–55: Here the authors introduce the millimeter wave/commercial microwave links. Can
I ask the authors to briefly introduce what they are, what they are used for and how atmospheric

processes can attenuate the signal? This might be relevant introductory information for a more

general audience.

Response: Thank you for the comment. We have added an introduction to the millimeter
wave links in the paper as follows: “In telecommunication networks, microwave
backhaul links are often used as wireless connections between base station towers. The
millimeter-wave backhaul link is a point-to-point line-of-sight communication link that
uses the millimeter-wave as the carrier of information. Studies have shown that
millimeter-waves will be affected by atmospheric factors during propagation (such as
dry air and water vapour), which will cause signal attenuation.” (Page 2 line 50–53).

2．Line 53–references: This may require some extra references, e.g. (but absolutely not a
complete list–but that is probably also not necessary): Messer et al. (2006), Leijnse et al.
(2007), Zinevich (2009), Overeem et al. (2011), Chwala et al. (2012), Doumounia et al.
(2014), Uijlenhoet et al. (2018), Fencl et al. (2020).
Response: We agree with the comment and quoted these articles in the paper (Page 2
line 55-57).

3．Lines 62–63 “In this study, we used the method of estimating water vapor based on
the ITU-R model”: Could the authors briefly introduce this method here (just in words)?
The authors further elaborate on the method in the methods section, but it may be
helpful for readers of the paper to get a first idea of what this model is and does.
Response: We agree with the comment. We have added a brief introduction to this
method in the paper as follows: “In this study, we used the method of estimating the
water vapor based on the ITU-R model. The method is to extract the attenuation caused
by water vapor from the total attenuation (received signal level, RSL) of the millimeter
wave signal. Then, under different pressures and temperatures in the atmosphere, use
the line-by-line model provided by ITU-R to inverse the water vapor density.” (Page 2-3
line 66–69).

4．Lines 64–65 “Compared with the previous method, the time resolution of the
retrieved water vapor density value is improved, and the estimation error is reduced.”:
What was the time resolution and estimation error in this (‘the previous’) method, and
what was the length of the link path?



Response: Thanks for your comment. We have added a comparison with ECMWF
reanalysis in the result section of the paper. It is also compared with the results of these
previous studies (David et al., 2009; Alpert and Rubin, 2018). We’ve re-written the
sentence in the manuscript as the following: “Compared with ECMWF reanalysis, the
time resolution of the retrieved water vapor density value is improved, and the
estimation error is reduced. The resolution of the link estimation result is 1 minute, while
the ECMWF is 1 day. The correlation between the link estimate and the actual
measurement of the weather station is 0.99, and the ECMWF is 0.89. Moreover, the time
resolution in the previous studies (David et al., 2009; Alpert and Rubin, 2018) was also
higher than 5 minutes. The link length used in these studies is 2-5 km, which is 4.8 km in
this paper.” (Page 3 line 70-75).

5．Lines 78 – 80: What kind of microwave link was used, i.e. commercial or for research,
which brand, etc.?
Response: Thanks for your comment. We used a self-built test link, the brand is Siklu.
We have added a relevant introduction to the paper and quoted the detailed information
of this device as the following: “Fig. 1(a) shows the location and length of the test link
and Fig. 1(b), (c) show the transmitter and receiver of the link. The link is 4.8 km long
and operates at 73 and 83 GHz. We use Siklu's E-band radio transceivers (Siklu
Carrier-Grade 1000Mbps E-Band radio, 2021) to transmit signals.” (Page 3 line 87-90).

6．Lines 85–90: Could the authors provide a little more information about the weather
station? On what elevation was it placed, also relative to the microwave link, was the
measurement setup according to WMO standards, with what frequency is data collected?
How representative are the measurements for the link path? The link path crosses a river,
which may result in a slightly different humidity than what is measured at the weather
station at the (seemingly) more urban site (but do correct me if I am wrong - I would like
to see the authors’ thoughts on this).
Response: Thank you for the comment. The weather station is placed on the ground
below the weather tower, and one end of the link device is installed on the weather tower,
about 29 meters above the ground. The data collection frequency of the weather station is
1 minute, which is set according to WMO standards. The installation site is in Xianghe
County, but the link path does not cross any river. The link goes through the city. We
have added the information in the paper required as explained above as the following:
“We set up a two-way E-band millimeter-wave transmission link, one side of the link is
installed on the top of a 29 m high meteorological tower, and the other side of the link is
at the roof-top of a residential building.” (Page 3 line 85-87) and “The weather station
(German OTT Parsivel2 Laser Raindrop Spectrometer, 2021) is placed on the ground
below the weather tower. The data collection frequency is 1 minute, which is set
according to WMO standards.” (Page 4 line 96-98).

7．Lines 97–98 “median values”: A question more out of interest, would it be helpful to
also use other statistics of the received signal or even the full signal to get an idea of the
uncertainty in the estimation process?



Response: Thank you for the comment. The advantage of the median is that it is not
affected by large or small data. In many cases, it is more appropriate to use it to
represent the general level of the overall data. And because it is necessary to determine
an attenuation baseline for each drying period, and the calculation of the attenuation
baseline also uses the median value, the analysis of the median value is indispensable.

8．Lines 107–108 “Since the quantization resolution of the equipment we have used is 1
dB and the quantification resolution of the water vapor density calculated by the weather
station is 0.01 g/m, the resolution of the two data is inconsistent.”: Could the authors
elaborate a bit on this, also taking into account the length of the link path?
Response: Thank you for the comment. This is because the resolution of the data output
by the link device is fixed. In fact, it has nothing to do with the path length of the link, it
is determined by the system parameters of the link.

9．Lines 110–113: The moving average makes sense, I think. Have the authors, however,
tested other moving window averages? I.e., where is the optimum and can we even go to
higher temporal resolutions?
Response: Thank you for the comment. We tested different time windows and found
that 60 minutes is the most appropriate. If the time window is lower than this value, the
result after the moving average will not be smooth enough, and higher than this value
will make the result after the moving average excessively smooth and distorted, and the
hysteresis becomes obvious. Also, the time resolution after moving average is still 1
minute.

10．Lines 176–178 “We collected […] water vapor density.”: This belongs in the methods
section.
Response: We agree with the comment. We moved this sentence to the method section.
(Page 10 line 191-193).

11．Lines 190–191 “There are many reasons for the error, and further analysis of the
results is needed.”: Can the authors elaborate in the discussion section on this? What
errors are you thinking of and is there a threshold value for the cumulative attenuation
value / water vapor density that makes it unfeasible for measurement?
Response: Thank you for the comment. One of the reasons for this error is: Since the
measurement from the millimeter-wave link is a linear accumulation of integrated data,
while the traditional weather station provides point measurement. In addition, the
weather station in this paper is placed at one side of the link, so the estimated result will
be different from the data of the weather station. There are also some environmental
factors, such as the influence of wind speed, fog and dew on the antenna. We have added
relevant explanations in the discussion section as follows: “Since the measurement from
the millimeter-wave link is a linear accumulation of integrated data, while the traditional
weather station provides point measurement. Therefore, the estimated result of the link
estimation will be different from the data of the weather station. In addition, the weather
station in this paper is placed at one side of the link and the observation from a weather
station is only representative of the very local area where the equipment is sited which



may cause some deviations between the estimated results and the actual measured
results. There are also some environmental factors, such as the influence of wind speed,
fog and dew on the antenna.” (Page 16 line 262-267).

12．Lines 197–205 / Eq. 15 – 17: This belongs in the methods section.
Response: We agree with the comment. We moved this sentence to the method section
and added a new section on statistical tests. (Page 10-11 line 194-205).

13．Lines 209–211: Can I ask the authors to quantify the results in the text a bit more?
Besides, what is ‘good’? This needs a benchmark, so is it better than another model or
estimation method?
Response: Thank you for the comment. We have provided more quantification for the
results as follows: “It can be seen from Table 2 that the evaluation index also reflects that
the the result of using millimeter-wave link to estimate the water vapor density is good.
In other words, the highest monthly correlation is 0.95, the lowest root mean square error
is 0.1, and the lowest mean relative error is 0.2.” (Page 13 line 226-230). We compared the
estimated results of the link with the prediction result of the European Centre for
Medium-Range Weather Forecasts (ECMWF). The result is shown in Figure 6. It can be
seen that our estimation result is closer to the actual measurement result of the weather
station. In addition, we added this comparison result and evaluation index to the results
section of the paper. (Page 15-16 line 249-260).

�������73−�� : 0.99
�������83−�� : 0.99
��������−�� : 0.82
��������73−�� : 0.65
��������83−�� : 0.58
���������−�� : 4.79
�������73−�� : 0.06
�������83−�� : 0.05
��������−�� : 0.39

Figure 6: The water vapor density graphs from the link, the ECMWF reanalysis and the weather

station. These include the correlation, root mean square error and the mean relative error between the

link and the weather station, the ECMWF and the weather station. WS = weather station.

14．Lines 213–215 “Similarly, the evaluation result was better at 83 GHz in June, which
shows that the 83 GHz millimeter-wave link has greater potential for water vapor
inversion.”: That makes sense, indeed, seeing Fig. 2 in the manuscript.
Response: Thank you for the comment. It can be seen in Figure 2 that the attenuation at
83 GHz is larger, which is more conducive to the extraction of attenuation caused by
water vapor. Therefore, the estimation result of 83GHz is relatively better than that of
73GHz.



15．Lines 222–224 “Since the […] point measurement.”: What do the authors mean with
this sentence?
Response: Thank you for the comment. This sentence is to explain the reason for the
error between the estimated value of water vapor density and the actual measurement
mentioned in the paper. The observation from a weather station is only representative of
the very local area where the equipment is sited. As the phrase "There are many reasons
for the error, and further analysis of the results is needed." in the paper. (Page 11 line
220-221). We have added this sentence to the discussion section. (Page 16 line 262-263).

16．Lines 224 – 225 “In addition, the weather station in this paper is placed at one side of
the link, so the estimated result will be different from the data of the weather station.”: It
may be worth mentioning this in either the methods or discussion section. Plus, what
would this mean for the measurements?
Response: Thank you for the comment. The weather station and the link equipment
work on different spatial scales, which may cause some deviations between the
estimated results and the actual measured results. We have added relevant explanations
to the discussion section as follows: “In addition, the weather station in this paper is
placed at one side of the link and the observation from a weather station is only
representative of the very local area where the equipment is sited which may cause some
deviations between the estimated results and the actual measured results.” (Page 16 line
264-266).

17．Lines 234–235 “vapor, so more accurate measurement means better response to the
dangers facing humans and their environment (Fencl et al., 2020; Harel et al., 2015).”:
Very true. I think the authors can even make this stronger by mentioning the potential of
new, opportunistic sensors here, which potentially gives a high(er) density of water
vapor density sensors.
Response: We agree with the comment. We added this point to the paper as follows
“Moreover, the millimeter-wave link also has the great potential to become a water vapor
monitoring sensor, which can provide higher density water vapor data.” (Page 17 line
291-292).

18．Line 236 “1 minute”: But 60-min aggregations were used and validated, right?
Response: Thank you for the comment. We apologize for unclear expression. The time
resolution of the link data we have used is 1 minute, and 60 minutes is just the window
width for our moving average. Moreover, the time resolution of the data after the
moving average is still 1 minute. We have added relevant explanations in the paper as
follows “It is worth noting that the time resolution of the averaged data is still 1 minute.”
(Page 6 line 124).

19．Lines 236–238 “and used the […] within this year.”: State here what the method was
and especially what the authors did change, so what is new.
Response: Thank you for the comment. We apologize for unclear expression. We have
added relevant explanations in the paper as follows: “and used the line-by-line



calculation of gaseous attenuation model provided by ITU-R to retrieve water vapor. We
have proposed a new method which is to set a reference value for each dry period and
give the upper and lower limits of water vapor attenuation. Then we applied this method
to one year's data.” (Page 17 line 294-296).

20．Lines 240–241: Besides the best reached values, also mention the average values to
give the reader an idea of the overall model quality.
Response: We agree with this view. We’ve re-written the sentence in the manuscript as
the following: “The highest Pearson correlation coefficient in summer months is 0.95,
and the average value is 0.92. The lowest mean relative error is 0.05%, and the average
value is 0.06%.” (Page 17 line 298-299).

21．Lines 241 – 242 “Compared with previous studies, our water vapor inversion results
have a higher time resolution.”: How much higher?
Response: Thank you for the comment. The resolution of our estimation result is 1
minute, while the ECMWF is 1 day. Moreover, the time resolution in the previous studies
(David et al., 2009; Alpert and Rubin, 2018) was also higher than 5 minutes. We have
added relevant explanations in the paper as follows: “Compared with other studies, our
water vapor inversion results have a higher time resolution, this is, our resolution is 1
minute, while the ECMWF is 1 day. Moreover, the time resolution in the previous studies
(David et al., 2009; Alpert and Rubin, 2018; Fencl et al., 2020; Pu et al., 2021) was equal or
greater than 5 minutes.” (Page 17 line 300-303).

22．Lines 250–251 “This seasonal difference is also difficult to overcome. In the future,
we will consider improving water vapor monitoring in winter in our research.”: Could
the authors share any thoughts on how to do this?
Response: Thank you for the comment. In this area of Hebei, the temperature changes
with the seasons, and the temperature in winter is relatively lower than in other seasons.
We consider that temperature can be used as an influencing factor to be linked to the
change of water vapor density, thereby reducing the error of winter estimation.

23．Table 1: Could the authors add the number of minutes on record per indicated day?
In addition, can the authors say something about the variation in the measurements
during the days?
Response: Thank you for the comment. We have added the detailed number of minutes
for each dry period in the paper (Page 5 line 104-106). There are 60 days of dry period, 59
days are 1440 minutes and 1 day is 1291 minutes. We think adding and repeating this
explanation in the table is too lengthy, so we didn't add it in Table 1, instead we
explained it in words.

24．Figure 3: the colors of the figure are not color-blind proof. I would recommend
using different colors or to use a set of dashes in the lines. Besides, the figure is quite
similar to Fig. 2 in Pu et al. (2021).



Response: Thank you for the comment. We have modified the Figure 3 to be color-blind
proof (Page 9 line 166). In addition, this is a graph showing the changes in water vapor
density at different frequencies for readers. Under the same temperature and pressure,
the change of water vapor density is consistent, so Figure 2 will be the same as that of Pu
et al. (2021). There are also some papers with similar graphs, such as Fencl et al. (2020)
and Song et al.(2021).

25．Figure 4: What I miss in the results section (or accompanying discussion section) is a
little discussion about any discrepancies we see between observations and model (e.g.,
but note that it is not limited to this, the differences we observe on the right of Fig. 4c and
the drop in the simulations, but not the observations, in Fig. 4h). Can I ask the authors to
comment on this? If the comments have a more speculative nature, this would very well
fit in a discussion section. In any case, it could provide valuable information, also for the
future development of such estimation methods.
Response: Thank you for the comment. This is the part worth discussing. We have
added related some discussions in the discussion section as follows: “There are some
unusual results in the measurement of the link. For example, from March 28 in Fig. 4 (a),
the water vapor density estimated at 83 GHz is significantly higher than the estimated
result at 73 GHz and the actual value measured by the weather station. This may be
related to the extraction of attenuation. For this dry period, there is only one baseline
that may not be able to accurately extract the attenuation caused by water vapor, and a
more real-time reference value is needed. Although the calculation of the baseline may
be one of the reasons for the error, this research has improved the real-time performance
of the baseline and reduced errors compared with the studies of David et al., Alpert et al.,
and Fencl et al. (only set a constant baseline) (David et al., 2009; Alpert and Rubin, 2018;
Fencl et al., 2020). Also, in Fig. 4 (c) and 4 (h), the estimated result of the water vapor
density of the link decreases at the night of the day, which is caused by other uncertain
sources. For example, changes in atmospheric refractive index and hardware-related
artifacts may cause millimeter wave ray bending and RSL changes. This may also explain
why the MRE in October in Fig. 5 (c) is higher than in other months.” (Page 16 line
268-277).

26．Table 2 & Figure 5: The monthly overview is clear and interesting. Besides this
overview, I think it may also be valuable to show a figure with at least some of the
metrics per time step, to visualize the hour-to-hour or day-to-day discrepancies that can
take place. That is valuable information for possible operational implementations of this
method.
Response: Thank you for the comment. We have added the daily evaluation index of
water vapor density inversion in Figure 5 (Page 15 line 244-245). The new Figure 5 is as
follows:



Figure 5: Daily and monthly evaluation index of water vapor density inversion(a) the correlation

between the derived water vapor density and the reference, and (b) the root mean square error

between the derived water vapor density and the reference. (c) the mean relative error between the

derived water vapor density and the reference.

27．Figure 5: What causes the high MRE peak in October, compared to the other
months?
Response: Thank you for the comment. This is the part worth discussing. It is possible
that the equipment is interfered by the external environment and the error of the system
itself causes the attenuation value of the link to be higher in October, which leads to a
large deviation between the inverted water vapor density and the measured value, that is,
the MRE is higher. The dry period in October is 6 days in total. From the new Figure 5, it
can be seen that the existence of one day of MRE is an extreme situation, which will



cause the monthly MRE to be high. We have added related some discussions in the
discussion section (Page 16 line 276-277).

Technical corrections:
1．Line 30 - “The evaporation […]”: The evaporation of water.
Response: Thank you for the comment. We have corrected this mistake and rewritten
this sentence in the paper. (Page 1 line 30).

2．Lines 44–45 “the radiosonde is only launched about 2–4 times a day”: Often even
only once a day.
Response: Thank you for the comment. We have corrected this error in the paper (Page 2
line 45).

3．Line 100 “water vapor inversion”: From a consistency perspective, would it better to
use water vapor density instead of inversion?
Response: Thank you for the comment. What we want to express is that these data will
be used in the inversion calculation of water vapor density. We have rewritten this
sentence in the paper as follows: “These data will be used in the estimation of water
vapor density.” (Page 5 line 111).

4．Line 170 / Eq. 12: Is this a conditional statement? If yes, the notation should be
slightly different (to make that clear).
Response: Thank you for the comment. This is a conditional statement. We have

modified the notation of Eq. 12 as follows: “���� =
������, �� ���� > ������
�����, �� ���� ≤ �����

” (Page 10

line 187).

5．Line 179 “map”: I think this should be ‘graph’.
Response: Thank you for the comment. We have corrected this error and revised “map”
to "graph" in the paper (Page 11 line 207-209).

6．Line 205 “which shows that the use of millimeter-wave link signal attenuation can
estimate the water vapor density very well.”: I think this can be removed, as the rest of
the sentence already explains enough.
Response: Thank you for the comment. We have deleted this sentence from the paper.
(Page 13 line 225).

7．Line 239 “obtained”: I think this should be ‘estimated’.
Response: Thank you for the comment. We have revised “obtained” to "‘estimated" in
the paper (Page 17 line 297).



8．Line 240 “PCC” and “MRE”: Better to write that out here, so Pearson’s correlation
coefficient and mean relative error.
Response: Thank you for the comment. We have rewritten this sentence in the paper as
follows: “The highest Pearson correlation coefficient in summer months is 0.95, and the
average value is 0.92. The lowest mean relative error is 0.05%, and the average value is
0.06%. The monthly and seasonal evaluation indicators show good results.” (Page 17 line
298-300).

9．Figure 4: Something seems to go wrong with the figure headings, ‘Spring and
Summer’ are on a different page than the rest of the figure. It is possible to either make
the figure smaller or to make two figures out of it (e.g. spring + summer and autumn +
winter). Besides, for comparison purposes, it helps when the y-axes are the same
throughout the figure.
Response: Thank you for the comment. We modified the format of the title in Figure 4 in
the paper (Page 12-13 line 222). We have also tried to keep the range of the y-axis
consistent, but this will make it difficult to see the changes in the smaller water vapor
density. For example, the water vapor density graph for December 2020. Figure 1 keeps
the original y-axis, and Figure 2 is the adjusted y-axis (consistent with the y-axis of the
water vapor density graph in July and August 2021). We can see that the change in water
vapor density in Figure 1 is more obvious than that in Figure 2, so we did not change the
y-axis.

Figure 1: the original y-axis.

Figure 2: the adjusted y-axis.
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