The authors appreciate anonymous referee #1’s time and dedicated comments. Please find the
replies to the comments below.

Anonymous Referee #1

Merging TEMPEST Microwave and GOES-16 Geostationary IR soundings for improved wate

This paper presents the retrieval of moisture profiles from TEMPEST with the help from 3 ABI|
water vapor channels with the optimal estimation method. Simulation studies as well as real data
demonstrations were carried out. The simulation studies show that adding the 3 ABI water vapor
channels benefits the moisture retrievals in both clear and cloudy skies. For real dataj
demonstration, the validation with limited RAOB shows mixed results, which should be
expected since real data is a lot more complicated than simulated data. The paper is well
organized. Most of the sessions are well written. However, some critical points are not well
explained, and some discussions are not convincing. Major revisions are recommended.

Major comments:

1. Why did authors only choose the 3 ABI water vapor channels? The window and CO2
channels, especially the 12um has low level moisture information that should be able to
improve the low level moisture retrievals especially in clear sky.

R: While the window and CO2 channels, especially the 12 um channel has low-level
moisture information, TEMPEST has similar low-level weighting functions. As pointed out
in the reviewer’s overall comments, simulation studies are always a bit idealized, and we
thought this might impact the relative results. We have added the rationale for using the
sounding channels to lines 135 to 137 in the revised text.

The authors didn’t explain how the collocation between TEMPEST and ABI is done.
[deally, this should be done by considering the footprint size of both TEMPTEST and

ABI. Since they have different viewing angle, the collocation will result in variable
number of ABI pixels within a TEMPEST footprint. A collocation like this also allows
ing clear ABI pixels to help the retrievals of a partially cloudy TEMPEST footprint.

R: We have description on exactly how the footprint matching is carried out in lines 137 to
140. On the second point, the reviewer is correct that this could have been explored but was
not. Such a two-step process is actually quite complicated since the clear-sky IR within the
TEMPEST FOV would have to enter the retrieval as a-priori information over part of the
FOV. Uncertainties, which are never as well defined as one hopes, would then be critically
important.



3. Please add explanation why the auxiliary data is from ERAS, not from others. The ERAS
can actually be better used as another source for evaluation or validation of the moisture]

retrievals. This is less ideal than RAOB but will give you more samples to work with to
gain statistically significant results. For the purpose of weather prediction, using NWP|
forecast instead of reanalysis data as auxiliary data is also more meaning

R: ERAS was used simply because it was readily available for these studies. We now make that
case. As for why it is not used for validation — we respectfully disagree with the reviewer. Until
models no longer need to de-alias observations, as they currently do with microwave
observations, they probably should not be used as “truth”. As a personal comment, we privately
do compare our results to ERAS, but we do not consider this to be validation.

For Table 1, please explain why you designed those configurations. For clear sky, whyj
would you want to set CF to 1? Why don’t you just perform clear sky retrievals? Why did
you add CF=1 or ABI CF for clear sky samples? In table 1, for the cloudy sky, explai

why you designed those configurations and what you were trying to achieve. Minor
question: are you using ABI cloud mask to define clear vs cloud

R: When the pixel is known to be clear, we set cloud fraction to 0. When we use the ABI cloud
mask information to define the fraction of the pixel that is cloud-covered, the cloud fraction is set
by ABI. When we do not use any a priori cloud fraction information, then the cloud fraction is
set to 1.0 — namely that there is a uniform cloud present, although the retrieved cloud water can
be 0. We agree that the CF value of 1.0 could be confusing and we now explain that in the text in
lines 199 to 203.

Table 2 as well, why did you design those configurations and what the differences
between them? The numbers are already shown in figure 10. Does “No” mean no ABI

cloud products available or you chose not to use? If “yes” means abi cloud products
available, why set CF as 0? This is consistent with Figure 10 captain but not figure itself,
where CF is set as G16.

R: The cases used in Table 2 and Figure 10 all have the available cloud information from GOES
cloud products. However, this is not the case for every pixel. Therefore, the CF=1 setting will
give readers some idea of retrieval errors when the ABI cloud mask is unavailable. We now
explain that better in lines 471 to 473.

6. Explain the configurations in Table 3 as well. The numbers in Table 3 are already inl
Figure 12.

R: The reason for the configurations in Table 3 is the same as in Table 2. The cases used for
Table 3 and Figure 12 have all cloud information, such as cloud fraction, cloud phase, and cloud
top height. However, GOES cloud products do not provide cloud fraction, phase, and top height
for every pixel. So, Table 3 and Figure 12 show all the results when different information is
available. We now explain this better in lines 527 to 530.



7. It looks like you use CRTM for both forward simulation and Jacobian calculation for ABI
channels. For CRTM, you will need to input the profiles of different cloud species wate
content and particle size. I assume you can get such information from ERAS somehow,
although not all information is available from ERAS. But CRTM provides Jacobians o
the cloud profiles. This would be different from figure 3 which shows Jacobians o
clouds are located at 900 and 300 hPa. This makes sense if you are assuming single laye
of clouds at those pressure levels. So how did you handle the cloud Jacobians in the
retrieval? Did you just convert the Jacobian profiles of clouds to single layer Jacobians?
[f so, how? Also in Figure 3, I would suggest to show moisture/cloud Jacobians as
dTb/dlog(q or clouds). At 300 hPa, it doesn’t make sense to perturb the moisture profile
by 1 g/kg. With your current units, it is hard to say the cloud Jacobians show strong
signals of clouds. In addition, it might be a good idea to show both moisture and cloud
Jacobians at the cloud pressure on the figure. Currently, you are only showing cloud
Jacobians at 300 and 900 hPa. Suggest to add two rows either at the top or bottom of the
figure for the two cloud layers and leave the original two rows for moisture Jacobians.

R: In lines 194 to 198, we stated the settings of liquid and ice clouds clearer. Except using
GOES-16 cloud products, since passive microwave have no cloud height information, in
retrievals, clouds are placed in a single layer with liquid cloud top at 900 hPa and ice cloud
top at 300 hPa. Therefore, liquid and ice cloud Jacobians only have values at certain layers,
as in Figure 3, instead of profiles of cloud Jacobians. Figure 3 shows Jacobians from the
TOA to the surface for more intuitive purposes. The Jacobians are derived by perturbing 1 %
of humidity or cloud water path, so it isn’t necessary to perturb by 1 g/kg water vapor or 1
g/m? cloud water path. The patterns of Figure 3 are about the same by using dTb/d(q or
clouds) or dTb/dlog(q or clouds). The reason for showing Figure 3 is to present the humidity
and cloud sensitivity along the height for TEMPEST and ABI water vapor channels. We
added Jacobians in the clear sky in Figure 3 for comparisons.

8. Discussion of figure 10 from line 478 to 494 is confusing. These are clear sky profiles
(assuming you use ABI cloud mask). Why would you set CF=1 for figure 10 a and b?,
Line 488-490, what do you mean by “forced to be cloud free”? These are categorized as
clear profiles based on ABI cloud mask (I am assuming). Unless you don’t trust ABI
cloud mask, they should be clear profiles and no clouds are needed in the retrieval. Line|
490- 494, what did you use as a priori? Figure 2 shows clear profile below 900 hpa is
wetter than cloudy, not consistent with figure 10 e and f. Again, this is clear profiles, why
would you suggest to add clouds in the retrievals? What is the bias from ERAS
information in Figure 10f under clear sky assumptions? As compared to truth? What do
you mean bias is “even larger”? Since bias could be positive or negative, suggest using|

more dry biased or wetter biased to indicate the bias change direction. Did you use
different a priori for different samples, as shown in Figure 10 e and f? Figure 2 indicates
ou use the same climatology a priori for all sam



R: Figure 2 shows the water vapor monthly mean in May 2020 for clear and cloudy skies,
and Figure 10 shows the retrieval and climatology (a priori) biases for 4 scenarios, as shown
in Table 1. It is intended only to demonstrate the impact of the data sources. The purpose
behind each scenario is now explained on lines 198 to 203 and 471 to 473.

9. Discussion of figure 12 is also not very convincing. Line 510-511, improvement o
moisture retrievals? Which one compared with which one? If between TEMPEST+ABI
and TEMPEST only, yes, there is some improvement, not a lot and not consistently of all
levels above 800 hPa. If between a and c or b and d, I see even smaller changes. And ||

don’t know which one is expected to be improved because you never explained the
differences and purposes of these configurations. Line 517, how do you know it is correc
cloud fraction? Line 519 to 523, how do you know the cloud fraction is too small? The|
cloud fraction is small. But that doesn’t necessarily mean it is too small. Line 530-531,)
not all levels above 700 hPa.

R: We have tried to be more precise in the discussion of figure 12, referring quantitatively to
specific improvements in lines 533 to 546. We modified the expression about cloud fraction as
reviewer’s comments in lines 551 and 554, and also described the detail comparisons in lines 563
to 567 instead of only expressing “levels above 700 hPa”.

1. Line 70, IASI naming wrong

R: Thanks for pointing this out. We modified it to the Infrared Atmospheric Sounding
Interferometer (IASI) in lines 70 to 71.

2. Lines 83-86, NUCAPS has been extended to Metop as well

R: NUCAPS includes Joint Polar Satellite System and Metop series satellites. However, we
mentioned sensors and not satellites in lines 83 to 86. We added IASI in this context to
correctly indicate the ability of NUCAPS in line 85.

3. Lines 152-155, these absorption channels are sensitive to both moisture and temperature.
We can’t say one is more sensitive than the other. You didn’t need to worry abou
temperature because you are assuming temperature is known from ERAS.

R: We removed the sensitivity statement in previous lines 152 to 155.

4. Lines 179-182, ify if you are using the same xa for both clear and cloud
profiles.




R: We made it clear to reflect that retrievals use clear (cloudy) sky x. when GOES cloud
mask indicates the pixel is clear (cloudy) or use whole sky x. when GOES cloud mask is not
used in retrievals in lines 185 to 187.

5. Line 192, is available from GOES-16

R: We modified line 192 as in revised manuscript in line 198.

Wl inc 207, please specify these NEDT at what BT

R: We added that these ABI NEDT values are evaluated at 300 K in line 217.

7. Line 300, This figure will be better shown if you zoom into a few TEMPEST footprints
and show how ABI is collocated with it. One panel for BT and the other for cloud mask.

R: Figure 4 shows the collocated TEMPEST-D and GOES-16 ABI observations. Since ABI
observation has been averaged to match the TEMPEST-D spatial resolution and we also want
to show the observation area of GOES-16 ABI, the global view of collocated observations
would be better.

8. Line 321, this is just one sample. You can only calculate the mean bias and STD of whole
profile. There is no such thing as mid tropospheric biases and STD. Same is true for ling|

R: We modified these lines to mention only bases in line 334.

9. Line 338, bias +/- standard deviations of the whole

R: We specified the whole profile in line 351.

10. Line 344, why did you only choose 1000 not all available samples. More samples are
isti ingful. Same as line 364.

R: We explained the reason selecting 1000 samples in lines 358 to 362. Since in the
observations on 2020/05/27 all clear sky pixels are about 1200 samples and about 8400 cases
are cloudy pixels according to the GOES-16 cloud mask, we randomly selected 1000 samples
over clear and cloudy cases to have fair comparisons between them. The statistics are about
the same, no matter how we randomly selected the 1000 clear or cloudy samples.

11. Line 367, it is not true that ABI has less sensitivity in lower atmosphere. It all depends on|
the moisture and cloud condition. ABI has more sensitivity to upper troposphere in wet|

condition and less sensitivity to lower troposphere in dry condition. Clouds overall
reduce moisture sensitivity. But it’s hard to see that from Figure 3 because you didn’
show Jacobians in clear sky for comparison.




R: We added clear-sky Jacobians for comparisons. Under clear or cloudy skies, TEMPEST
87 and 164 GHz channels all have stronger sensitivity in the lower atmosphere than ABI 3
water vapor channels.

12. Line 375-378, authors hinted that the clear profiles are drier than cloudy, which is true fo
most levels but not below 900 hPa according to Figure 2. Using same a priori for both
clear and cloudy profiles would mean the first guess is dry bias below 900 hPa. That ig
probably the reason why Figure 6 sees more bias below 900 hPa.

R: Yes, lines now in 392 to 397 explain that the larger water vapor retrieval biases are due to
a priori information.

13. Line 390, why only choose 8000 samples not all samples?

R: The number of cloudy pixels is about 8400. Randomly selected 8000 samples are about all
the cases, and the statistics are the same over 8400 or 8000 cases. We added total number of
cloudy pixels in lines 358 to 362 and line 409.

14. Line 404-406, did you mean IR has less information about ice water content than MW?

R: No, we did not imply that IR has less ability to retrieve ice water content than MW. We
removed the lines to avoid the implication.

15. Figure 10 e and f, why is clear sky drier than cloudy in lower troposphere while figure 3
shows the opposite. Aren’t you using 10T

R: Figures 10(e) and 10(f) show biases between a priori and radiosonde for the 10 clear sky
cases from 2019 to 2020, and the a priori is not from a specific month, such as Figure 2, but
from each collocated month. That is why humidity profiles in Figures 10(e) and 10(f) are
dryer for clear sky a priori.

16. Line 482-482, same argument should be applicable to simulation studies.

R: Now in lines 501 to 505, Figures 6 and 10 show the consistent results that retrieved clear-
sky water vapor profiles in the 1000 to 800 hPa layer were not improved after adding 3 ABI
channels.

17. line 595, improvements between with and without 3 ABI water vapor channels? Ling]
596, what do you mean by “when ABI is used to identify the scene as cloud free”?

R: The improvements mentioned in previous line 595 and now in line 631 are that clouds will
not be retrieved in ABI-identified clear skies. In previous line 596 and now in line 632, the
statement “when ABI is used to identify the scene as cloud-free” refers to the usage of the
ABI cloud mask in retrievals and we added cloud mask in context to avoid confusing.



The authors appreciate anonymous referee #2’s time and suggestions. Please find the replies to
the comments below.

Anonymous Referee #2

The manuscript demonstrates the synergistic use of cubesat sounding technology with existing
instruments from the program of record to obtain smence quality water vapor soundings. This

R: In lines 155 to 158, we added expression about the possible retrieval errors from the ERAS
ancillary data.

2) The authors could draw some expected conclusion from the use of hyperspectral IR
geostationary instruments. Of particular importance would be the use of more water vapo
channels and the use of hyperspectral IR retrieved temperature and ancillar
replacement of ERAS.

R: The geostationary hyperspectral IR instrument is a powerful sensor, and the potential use of
the sensor with CubeSat satellites is appealing. We added the statement in the conclusion in lines
647 to 651 and lines 656 and 657.



