We thank the Referee for the thoughtful and detailed comments. We hope we have addressed all of
the Referee’s concerns and we think that our manuscript did benefit from the constructive
comments made by all Referees. In the following text, the Referee’s comments are in black and our
answers are in red.

Review AMT-2023-263:
Sensitivity of thermodynamic profiles retrieved from ground-based
microwave and infrared observations to additional input data from active remote sensing
instruments and numerical weather prediction models

General comments:

This paper evaluates the sensitivity of temperature and humidity retrievals to different combinations
of ground-based remote sensing instruments as well as NWP model information. It uses the state of
the art optimal estimation retrieval algorithm TROPOe that has been used in several scientific
publications to demonstrate the improved accuracy of thermodynamic retrievals when combining
together active remote sensing (water vapor lidar, RASS, ceilometers) and passive instruments
(ground-based microwaver radiometers (MWR) and infrared spectrometers (IRS)). This new study is
relevant for the scientific community due to the uniqueness of co-located remote sensing
instruments at the same site (MWR, IRS, RASS, ceilometers and tower measurements) over a long
time period (fall 2021-winter 2022). It also contributes to a new perspective of improvement for
TROPOe by including NWP model information above 4 km altitude within the algorithm. The results
show that RASS contributes to improved temperature retrievals within the boundary layer while the
inclusion of NWP information significantly improves the temperature and humidity retrievals mainly
above 3 km. Overall the manuscript is very well written, figures are well presented and explained.

We thank the Referee for the overall positive comments.

However, | am concerned by the conclusions of this study that are quite limited due to the small
dataset of co-located radiosoundings available (only 15 RS). As clearly stated by the authors,
conclusions taking into account cloudy-sky conditions could be different for the synergy between
MWR and IRS observations for example.

We agree with the Referee’s comment, as we stated several times in the text. We also considered
one of the subsequent comments from the Referee and we think that our answer to that adds more
perspective to the results that could derive from the combination of the passive remote sensors in
case of presence of clouds.

| am also wondering if degradations in the retrievals could happen when including the NWP profile
above 4 km directly in the observation vector (if | understood well) that might not been observed in
this study due to the limited dataset of validation. In fact, the retrieval algorithm could try to minimize
the distance between the atmospheric state and the a priori as well as observations with potentially
non-consistent observations (the NWP profile could potentially try to push the algorithm in a
direction while the observation in another direction). The author should clarify this point and better
justify the methodology used.



This is a good point. If significant degradations were happening, we would notice it because the
retrieval would struggle to find a valid solution. Fortunately, there are several variables included in
the retrieval data files that give an indication of the quality of the retrieved thermodynamic profile
that can be used as a robust quality control measure. To assure that the retrieval has the flexibility
to consider the observations (if they diverge from the NWP) we have to specify the uncertainties for
the NWP appropriately and not have them be too small. In our study, the uncertainty profiles for
the RAP temperature and water vapor profiles are computed as the standard deviation over the
surrounding neighboring grid points in the model. We additionally inflate the uncertainty of the RAP
profiles by a factor of 3 for water vapor, while 1.5 °C is added to the temperature uncertainty. This
has been now specified in the revised version of the manuscript in Section 2.5: “The uncertainty
profiles for the RAP temperature and water vapor profiles are computed as the standard deviation
over the surrounding neighboring grid points in the model. We additionally inflate the uncertainty of
the RAP profiles by a factor of 3 for water vapor, while 1.5 °C is added to the temperature
uncertainty to assure that the retrieval has the flexibility to consider the observations (if they diverge
from the NWP).”

Additionally, | think a discussion on the differences in TROPOe results (DFS, vertical resolution, mean
uncertainties, retrieved profiles) for clear-sky versus cloudy-sky days (as the observations are all
available during one year) with respect to the different configurations could be beneficial to the
paper. Even without available radio-soundings, DFS, vertical resolution and uncertainties could have
been discussed as well statistical distributions of retrieval differences. If the TROPOe retrievals are
available over a long time period and the authors can lead this analysis, | think it could improve the
current manuscript.

We thank the Referee for this very smart suggestion. We had not thought of looking at the
retrievals on cloudy days, because we didn’t have radiosondes to compare the results with.
Nevertheless, we recognize that even just looking at some of the TROPoe outputs, as suggested by
the Referee, would provide insights of what results we could have in the presence of clouds.
Unfortunately, we do not have observations available over one year. The dataset goes from the
~second half of September, 2021, to the ~end of January, 2022 (this is now clearly specified in the
text, in the Introduction “During fall 2021-winter 2022 (from the ~middle of September 2021 to the
~middle of January 2022)").

Moreover, the overall conditions over this time period were mostly clear skies.

Nevertheless, we used the several observations available and found 2 days that revealed the
presence of clouds with corresponding relatively large values of liquid water path (LWP).
Specifically, these 2 days are 9/30/2021 and 1/9/2022.

In the figure below are presented time series of cloud base height from the ceilometer (CBH, in the
upper panels) and liquid water path from the microwave radiometer (LWP, in the lower panels), for
9/30/3021 on the left, and for 1/9/2022 on the right.

In the bottom panels, all values of LWP are plotted in red in the time series, and values with LWP >
20 g kgt are colored in blue.
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For these 2 days we ran TROPoe using as input the MWR only, the IRS only, and the combination of
the IRS + MWR. These configurations were named in the manuscript as configuration #1, #5, and
#9, respectively. Time-height cross sections of temperature and mixing ratio for these TROPoe runs
are presented in the next figures for 9/30/2021. CBH is plotted with the red asterisks.
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Similarly, time-height cross sections of temperature and mixing ratio for these TROPoe runs are
presented in the next figures for 1/9/2022. Again, CBH is plotted with the red asterisks.
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From these examples, although we cannot assess which retrievals would agree better with an
independent observation (i.e. radiosonde), we can notice the impact of the clouds in the retrievals
relative to configuration #5 (IRS only) particularly, mostly in terms of time continuity above the
cloud base height from previous profiles where the clouds were absent. For example, for 9/30/2021
we see a clear discontinuity around 0200 UTC for configuration #5, particularly in the mixing ratio
plots, and at 1000, 1500, and 2000 UTC in the temperature retrievals of configuration #5, when we
go from a situation with clouds observed between 1 and 1.5 km to clear-sky periods, or clouds
being detected at a higher altitude. These discontinuities do not appear in the TROPoe retrievals of
configuration #1 (MWR only), which was expected as stated in the manuscript, as clouds are
markedly more opaque in the infrared than the microwave and provide little-to-no information
above the cloud (whereas the MWR retrievals provide some sensitivity above the cloud). Also, as
speculated in the manuscript, we notice that the retrievals of configuration #9 seems to benefit
from the combination of MWR+IRS, as the information retrieved by the MWR supplements the lack
of information above the cloud layer from the IRS. For configuration #9, the time discontinuities
seen in the retrievals for configuration #5 are not present anymore.

For 1/9/2022, we also notice similar time discontinuity above the cloud base height in the retrievals
of configuration #5, when going from clear-sky periods to cloud free ones (or with clouds at higher
altitudes). Again, also for 1/9/2022, the time discontinuities seen in the retrievals of configuration
#5 are not present anymore for configuration #9.

This seems promising of the combination of the MWR and IRS in cloudy conditions.

For these 2 days, we averaged cumulative degree of freedom for signal (DFS) and vertical resolution
for temperature and mixing ratio, over the time periods with observed clouds and corresponding
LWP > 20 g kg-.

In the following figure, these cumulative DFS as a function of the height for configurations #1, #5,
and #9 are in the upper panels (temperature on the left and mixing ratio on the right) and vertical
resolution as a function of the height for configurations #1, #5, and #9 are in the lower panels
(temperature on the left and mixing ratio on the right).

From the upper left panel of the figure we notice that the cumulative DFS for temperature for #1 do
not show much difference with the profile of configuration #1 presented in the manuscript and
relative to clear-sky days. The cumulative DFS for temperature relative to configuration #5 do show
a kink around 1 km agl, most likely due to the presence of clouds around that height. The
cumulative DFS for temperature relative to configuration #9 show an increase in respect to those of
configuration #1 and #5. This increase is larger to that showed in the manuscript and relative to
configuration #9 in clear-sky days, which supports the speculation of the benefit that can be
obtained by the combination of MWR and IRS in cloudy conditions.

From the upper right panel of the figure we notice that the cumulative DFS for mixing ratio for #1
again do not show much difference with the profile of configuration #1 presented in the manuscript
and relative to clear-sky days. The cumulative DFS for mixing ratio relative to configuration #5 do
show a large decrease compared to the profile of configuration #5 presented in the manuscript and
relative to clear-sky days, most likely due to the presence of clouds. The cumulative DFS for mixing
ratio relative to configuration #9 show an increase in respect to those of configuration #1 and #5.
This increase again supports the speculation of the benefit that can be obtained by the combination
of MWR and IRS in cloudy conditions.

From the lower left panel of the figure we notice a similar profile to that presented in the
manuscript for configuration #1 (MWR only) for the vertical resolution of temperature, but a
degradation in vertical resolution of temperature for the TROPoe configuration #5 (IRS only),




particularly in the lower part of the atmosphere, where clouds were present. Combining the MRW
and IRS in the TROPoe runs, derives in an improvement of vertical resolution of temperature in the
lower part of the atmosphere particularly, where the vertical resolution of configuration #5 was
degraded.

From the lower right panel of the figure we notice a similar behavior in the profiles of vertical
resolution of mixing ratio, i.e.: similar to those presented in the manuscript for configuration #1, a
degradation of it for configuration #5 in the lower part of the atmosphere, and a benefit obtained
by the combination of MWR and IRS (configuration #9).
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Upper panels: cumulative DFS for temperature (left) and mixing ratio (right) for the cloudy days 9/30/2021
and 1/9/2022, as a function of the height for TROPoe configurations #1, #5, and #9. Lower panels: vertical
resolution of the retrieved TROPoe profiles (temperature on the left and mixing ratio on the right) for the
same days, as a function of the height for the same TROPoe configurations.




For an easier comparison of these results, in the following figure we present the same profiles as
those included in the manuscript (computed for clear-sky days), removing the lines relative to the
other configurations, not analyzed for this exercise.
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Upper panels: cumulative DFS for temperature (left) and mixing ratio (right) as a function of the height for TROPoe
configurations #1, #5, and #9, as included in the manuscript (clear-sky days). Lower panels: vertical resolution of the
retrieved TROPoe profiles (temperature on the left and mixing ratio on the right) as a function of the height for the
same TROPoe configurations, as included in the manuscript (clear-sky days).

Although this analysis is relative to only 2 cloudy days, the results motivate us even more to
investigate the benefit of the combination of MWR and IRS during cloudy conditions on other
datasets. As mentioned in the Conclusions of our manuscript, the instruments deployed at the
Platteville, CO, site were later moved to other sites for other field campaigns, and the analysis
performed at Platteville will be continued, when radiosonde launches will be available for
comparison.



Additionally, the suggestion of the Referee motivated us to include an Appendix to the revised
version of the manuscript that reports the results from the 2 cloudy days discussed in this response
to the Referee. In the Appendix the two last figures are combined in one figure to allow for an
easier comparison of the results in cloudy vs clear-sky days.

Finally, the manuscript does not clearly state if MWRs are used with off-zenith scans. Several
publications have demonstrated the significant increase in DFS by including off-zenith observations.
If MWR observations have been used with zenith only observations, the comparison with the AERI
instrument is not really fair and we could except more accurate temperature and lapse rate retrievals
with the inclusion of off-zenith channels. This will not drastically change the conclusion with RASS
and RAP but it would definitely affect the conclusion comparing single passive instruments.

We thank the Referee for this comment. We certainly forgot to specify the scanning strategy used
for the MWR observations.

For the Platteville dataset, the MWRs observed at the zenith and at 19.8° and 160.2° elevation
angles on both sides of the zenith. We are aware that, when deployed in locations with
unobstructed views, MWR’s oblique scans can be performed down to 5° elevation angles and may
provide better profile accuracy in the lowest 0—1 km agl layer (Crewell and Léhnert, 2007).
Unfortunately, due to some obstructions, we could not go lower than 19.8° elevation angles. The
scanning strategy has now been specified in Section 2.2 of the revised version of the manuscript:
“The MWR observed at the zenith and at 19.8° and 160.2° elevation angles on both sides of the
zenith. We are aware that, when deployed in locations with unobstructed views, MWR’s oblique
scans can be performed down to 5- elevation angles and may provide better profile accuracy in the
lowest 0—1 km agl layer (Crewell and Léhnert, 2007). Unfortunately, due to some obstructions, we
could not go lower than 19.8° elevation angles.” The reference Crewell and Lohnert, 2007, has also
been added to the Reference list.

After taking into account the scientific points listed, | would recommend the publication of this
manuscript in AMT.

Major comments :

- Section 2.2 : As shown in Djalalova 2022, even after nitrogen calibration, significant biases can be
observed in MWR observations. Optimal estimation is very sensitive to biases in observations. Did
you implement any bias correction or quality control of the brightness temperatures before applying
TROPOe ?

We indeed computed the biases in the brightness temperature MWR observations and corrected
for it, before running TROPoe.

In order to compute the brightness temperature biases, we used the method referred to as
“TROPoe BC” in Djalalova et al. (2022). We now specified this in the revised version of the
manuscript, in Section 2.2: “Additionally, in order to compute MWR’s brightness temperature biases
and correct for them before retrieving the thermodynamic profiles, we used the method referred to
as “TROPoe BC” in Djalalova et al. (2022).”

Even if the IRS is self-calibrating, was there any check on potential biases in IRS also ?



No additional checks on potential biases in the IRS were performed.

In line with the general evaluation : did you use off-zenith observations for the MWR ? If only zenith
observations have been used, it should be clearly stated through all the manuscript that all
conclusions comparing the MWR and IRS retrievals are underestimating the capability of current
MWRs that are generally used with boundary layer scans to improve the vertical resolution of
temperature profile. If another configuration with zenith and off-zenith observations could be
included in the manuscript, it would be beneficial for the discussion.

As specified in the response to the Referee’s earlier comment, the adopted scanning strategy for
the MWR used for our study was to observe at the zenith and at 19.8 and 160.2 elevation angles on
both sides of the zenith. The scanning strategy has now been specified in the revised version of the
manuscript, in Section 2.2.

Section 2.4 :lt is not clear to me if the RAP model is used within the a priori profile or within the
observation vector. If it is used within the observation vector how was defined the corresponding
observation error covariance matrix ? As mentioned in the overal evaluation, | am concerned that
this methodology could degrade the retrievals in case of larger errors in the NWP profile non
consistent with the other observations that might not been observed due to the limited number of
radiosounding observations. Could you clearify and justify the methodology ? Several publications
using an alternative approach with NWP model used directly within the a priori profile should also
be cited (Hewison 2007, Cimini et al 2015, Martinet et al 2020) to discuss the difference with your
methodology.

We accept the Referee’s suggestion and included reference to the other studies that use NWP
models directly within the a priori profile.

In our study, though, dissimilarly from the studies mentioned by the Referee, we did not use the
RAP as the a priori profile. We used the RAP as part of the observation vector. The uncertainty
profiles for the RAP temperature and water vapor profiles are computed as the standard deviation
over the surrounding neighboring grid points in the model. We additionally inflate the uncertainty
of the RAP profiles by a factor of 3 for water vapor, while 1.5 °C is added to the temperature
uncertainty. This has been now specified in the revised version of the manuscript in Section 2.5:
“While other studies (Hewison 2007, Cimini et al 2015, Martinet et al 2020), employ an alternative
approach with NWP model used directly within the a priori profile, in our study, we use the RAP as
part of the observation vector. The uncertainty profiles for the RAP temperature and water vapor
profiles are computed as the standard deviation over the surrounding neighboring grid points in the
model. We additionally inflate the uncertainty of the RAP profiles by a factor of 3 for water vapor,
while 1.5 °C is added to the temperature uncertainty to assure that the retrieval has the flexibility to
consider the observations (if they diverge from the NWP).”

In many studies we have been involved with, the information from NWP models has only been
considered above 4 km agl (more reasoning on this choice can be found in the answer to the next
Referees’ question below). Research activities we are directing at, are rather focusing on the way to
optimize the use of the prior being a key component of the TROPoe retrieval, to provide a better
constraint on the ill-posed inversion problem.



Figures 4 and 5:

- When the information content from observations is small, the inclusion of external information
from NWP models has a significant impact on the retrievals. This is demonstrated in this study in
figures 4 and 5 both for temperature above 4 km agl and to a larger extent for humidity above 1.5
km. Could the improvement on water vapor be larger by using NWP profiles from the surface up to
the top of the atmosphere ? Both MWR and IRS have lower information on humidity compared to
temperature so we could expect a larger benefit when using NWP information even below 4 km.
Did you perform a sensitivity study using the whole NWP profile and not only the profile above 4
km ? Could you justify this choice to start at 4 km even for humidity ?

We decided to include the NWP information only from 4 km up in the atmosphere because that is
the height where both IRS and MWR’s information content starts being very small. We decided to
use only observations in the lower part of the atmosphere, inside the boundary layer, because we
think these instruments (alone, or in combination) will be used for understanding physical
processes happening in the boundary layer and assessing the ability of NWP models at reproducing
them. Moreover, we believe that including the NWP input from above 4 km is less ‘risky’ as it will
include information on the large-scale circulation (as the RAP assimilates observations collected by
operational aircraft), while including NWP information in the lower part of the atmosphere might
be ‘riskier’ for NWP with larger horizontal grid spacing or in sites of complex terrain. To assess the
value of including NWP information in the lower part of the atmosphere we believe that a
sensitivity study would need to be performed with NWP models with different horizontal grid
spacing, at different sites, with different atmospheric conditions and also with different topographic
characteristics. Our dataset does not seem appropriate for this task, but we agree that the
Referee’s comment is very good and will keep it in consideration when we’ll have an appropriate
dataset to investigate this possibility.

Figure 5 :

It seems that the configuration MWR + RAP degrades the vertical resolution of the configuration #1
with MWR only below 1.5 km : could you comment this result ? Do you have any explanation on
this slight degradation (which is overall pretty small compared to the large improvement that you get
above 2 km) ?

This is difficult to explain. We might speculate that the algorithm having to balance the information
content from the observation in the lower part of the atmosphere with that from a NWP model in
the upper part of it, might not always provide a smooth reconnection of the profile characteristics
(i.e., in this case those of the vertical resolution).

Figure 6 :

The degradation due to the inclusion of the RAP data is significant for configuration #1 even below 4
km (from ~ 0.3 g/kg to 0.5 g/kg at 500m). This degradation is not really observed for the
configuration #5 (IRS only). Do you have any hypothesis to explain this degradation when only the
MWR is used ? | assume that this degradation could be due to the prior state covariance matrix
used to spread the information from the observation level to adjacent vertical levels : considering
that IRS has more information content in humidity than the MWR alone, the retrievals below 4 km
might be better constrained by the observation while, in the MWR configuration, most of the prior
state modification below 4 km is driven by the vertical correlations specified in the prior state



covariance matrix. Did you test different prior state covariance matrices to evaluate the sensivity of
the retrievals to this matrix ? Did you try to use the whole RAP profiles with its corresponding error
covariance matrices to evaluate if this degradation is still observed ?

As specified in a previous answer, we did not use the RAP as the a priori profile. We used the RAP as
part of the observation vector. We agree with the Referee that the IRS has more information
content in humidity than the MWR alone, so, for configuration #5 (IRS only) the retrievals below 4
km are better constrained by the observation. For configuration #1 (MWR only), differences
between the NWP model and the observations above in the atmosphere (NWP model being drier
than the MWR observations) might spread (to counterbalance) in the lower part of the atmosphere.

Figure 7 :
The temperature bias is signifiantly increased in the configuration MWR + IRS compared to MWR or
IRS only when averaged over 5km, | am puzzled by this result : could you include a discussion ?

When both passive instruments have enough information the retrieval of the combination of the 2
has to balance between both inputs, which might not be optimal. Nevertheless, from Fig. 6 we see
that the combination of the 2 passive instrument is beneficial in the lower part of the atmosphere,
where the MWR tends to struggle identifying the correct height and shape of inversions
(configuration #9 better than configuration #1). As a matter of fact, even in Fig. 7a we see that for
the first point on the x axis the MAE of temperature is improved compared to the MWR only
configuration, both when averaging over the lowest 5 km and lowest 3 km of the atmosphere.

- Figure 8 :

To be fair on your comment, | think the averaged bias and MAE of mixing ratio over 3 km should be
presented as well as the inclusion of RAP significantly degrades the statistics of mixing ratio
compared to MWR only below 3 km (which might give different results than your current
conclusion that the impact of RAP only degrades slightly the bias and MAE).

As requested by the Referee, a new Fig.8 has been produced, now including the averages of Mixing
Ratio MAE and Bias up to 3 km agl. Corresponding discussion has been revised in Section 4.2: “the
effect of the inclusion of the RAP in the TROPoe runs that only include the MWR as the passive
instrument is to slightly degrade the MAE for mixing ratio in the lower in the 5 km of the
atmosphere and a little more in the lowest 3 km, but it slightly improves the MAE values for the
TROPoe runs that only include the IRS as the passive instrument when averaging in the lower in
the 5 km of the atmosphere.”

Minor comments:

- line 41 : aren’t => are not.
Corrected as suggested.

- Table 1 : can you check the unit of mixing ratio (g / km ?)
Units corrected, thanks for catching the mistake.

- line 108 : isn’t => is not
Corrected as suggested.

- line 368 : 0.5 g /km => 0.5 g/kg.




Units corrected, thanks for catching the mistake.



