
We thank the reviewer #2 and the editor for the construc5ve feedbacks and valuable 
sugges5ons. The followings are our responds to each reviewer #2’s comment (underlined).  
 

This paper requires major revision. The authors present  a 1D-Var retrieval that 
combines GNSS-RO bending angles and ATMS radiances with background information. 
A key result is that combining these two measurement techniques is better than either 
individually. This result is to be expected. ATMS radiances tend to provide more 
temperature information in the troposphere and the authors state they can "anchor 
the solution" (line 118). I think this is misleading because in practice the ATMS 
radiances will be bias corrected, to account for systematic observation and forward 
model errors. The calibration/bias correction of the radiances used in the 1D-Var 
retrieval needs to be discussed in some detail.  

[Authors] Thank you for the excellent comments. In Line 118 we specifically referred to the 
refractivity (and subsequent temperature/water vapor) determination under ill-posed RO 
inversion condition when ducting occurs. Due to its closed link to the atmospheric 
thermodynamic states, the ATMS radiance observations do provide the additional constraint 
needed for selecting the correct solution from infinite number of candidate solutions. 

The ATMS radiances used in this research are calibrated and bias-corrected products published 
by GESDISC. In this product the uncertainty caused by blackbody, cold calibration, and 
instrument errors have already been accurately modeled and removed from the calibration 
process stated in the “Algorithm Theoretical Basis Document” accompanied with the published 
dataset. We summarized its calibration process in Sec. 3.3: 

“This radiance dataset has been calibrated by the in-flight ATMS antenna/receiver systems 
that measures the radiation from two calibration sources during every scan cycle. One is the 
cosmic background radiation from space (cold space), and the other is the internal blackbody 
calibration target (hot target).  By taking the radiometric counts measurements from both 
sources and combined with instrument errors that has been accurately modeled from ground 
thermal-vacuum tests, the published TB measurements are calibrated and bias-corrected. The 
details of in-flight calibration process are documented in the “Algorithm Theoretical Basis 
Document” accompanied with the published dataset. Here we assume the TB observations 
are unbiased and can be directly used for 1DVar combination without additional calibration 
steps. “  

 
We acknowledge that in prac5ce the remnant error from observa5ons, forward model, and 
background data could s5ll exist and contribute to the inconsistencies between modeled 
thermodynamics and simulated brightness temperature. These addi5onal errors and their 
impacts to the 1DVar retrieval may subject to different al5tude ranges, surface proper5es, 
precipita5on, and cloud par5cles in the atmosphere. Therefore, the results shown in Sec. 3.3 



does not apply any addi5onal calibra5on and/or bias correc5on processing a^er retrieving from 
the dataset, but “a quality control (QC) test based on the difference between the observed Tb 
and MERRA-2 calculated Tb for each channel was applied to ensure that the MWR 
measurements are not biased” (L380). The discussion of the extra uncertainty is beyond the 
scope of this ar5cle but has been briefly added in the following paragraph: 
 
“AlternaJvely, one can also implement an addiJonal calibraJon process to further remove 
these factors from the MWR data and forward modeling errors. We expect this approach will 
improve the quality and quanJty of data available for the joint retrievals, but this requires 
more studies in the future to staJsJcally validate its effecJveness and uncertainty.” 
 
We also changed the sentence in Line 118 to clarify the idea: 
“Therefore, with the bending angle alone, the thermodynamic states of the atmosphere cannot 
be determined, and the MWR observa5on is u5lized in our method to provide essenJal 
informaJon needed for constraining the refracJvity retrieval under ducJng condiJon.’ 
 

 

In addition, Collard and Healy (2003) demonstrated that RO temperature information 
falls as we move closer to the surface, so does this work tell us anything new about the 
information content of RO measurements? 

[Authors] For GNSS-RO measurements, one big difference between our approach and [Collard 
and Healy, 2003] is that we used the rawer “bending angle” as the RO observa5on, while in 
[Collard and Healy, 2003] the retrieved “refrac5vity” is used. Using bending angle can avoid the 
biased refrac5vity results caused by Abel inversion when ver5cal refrac5vity gradient is high 
(which usually happens in the lower troposphere), and the temperature informa5on is 
theore5cally befer preserved without addi5onal retrieval processing. While this change can 
significantly reduce the number of non-converging cases due to large inconsistency between RO 
and MWR observa5ons, the exis5ng RO temperature informa5on will not improve much when 
closed to the surface. This is quan5fied in the sensi5vity study (Fig. 6) that the RO/MWR 
combined temperature solu5on RMSE has only slight increase (0.05K) even when 3x higher 
covariance value is applied. The discussion is also added in the paragraph describing the 
sensi5vity test results: 

“It can be observed that the temperature RMSE (Fig. 6(a)(c)) of RO+MWR soluJon (red solid 
lines) increased by 0.22K when Tb covariance increases from 0.25 to 2 K, while it only adds 
0.05K and saturated when bending angle covariance increased by 3 Jmes. This result 
illustrates higher temperature informaJon content from MWR Tb relaJve to RO bending 
angle between 0 to 5 km as expected from previous studies [e.g., Collard and Healy, 2003].” 

  



The simulations appear technically correct, but the 1D-Var B matrix seems unrealistic. 
The background errors will be vertically correlated. A 2.5 K uncertainty (line 183) may 
have been appropriate in 2003, but it is not now. Similarly a -2 K bias in the a priori over 
the entire profile  (line 215) is not realistic. A short-range forecast from NCEP, the Met 
Office,  ... would not contain a bias of this magnitude. Therefore, assessing the value of 
observations on this basis does not seem reasonable.  

[Authors] We agree the errors in B-matrix used here seems large in today’s standard. However, 
one of the main messages we would like to convey in this ar5cle is that the background model 
uncertainty in all possible magnitudes will have limited impact when combining RO and MWR 
observa5ons. Therefore, large amount of uncertainty is preferred here to test the robustness of 
the joint retrieval. In fact, a wide range of temperature uncertainty are tested in the sensi5vity 
study in Sec. 3-2 (Fig. 7) of this manuscript to analyze the impact of different model variabili5es 
toward temperature and water vapor retrievals.  
 
In addi5on, by applying -2K bias we demonstrate the RO/MWR combina5on can s5ll produce 
reasonable results even with a background error that is larger than normal.  For example, this 
level of error is not uncommon at the top of PBL with sharp temperature inversion. 
To illustrate this point we added the following sentences to L228: 
 
“Here we intenJonally added -2 K to test the robustness of the joint retrieval under large 
amount of background uncertainty. While this magnitude of error in the model is not 
expected to be common, it could occur at the top of the PBL where large temperature 
transiJon occurred over a short alJtude interval.” 
 

The diagonal B matrix is used for simplicity in this ar5cle, and we agree in reality the 
neighboring samples of the background data could be correlated. Here we added a radiosonde 
case (the same case used for sensi5vity test) with ver5cally correlated B-matrix using 0.75km 
scale length and compare with the original ver5cally uncorrelated results: 
 



 

 
 

 
 



As shown in the result the off-diagonal elements in the B matrix effec5vely “smooth” both 
temperature and water vapor solu5ons. The smoothing effect is expected because temperature 
and water vapor between neighboring levels are correlated with the added off-diagonal 
elements, and similar results are already shown in [Healy, 2001]. For water vapor the impact 
from off-diagonal terms is not obvious due to large uncertainty of vapor at this al5tude range. 
However, adding the off-diagonal elements would cause an ar5ficial structure in temperature 
above PBL for both RO and RO+MWR cases. This is mainly due to the conflict of combining 
smooth state variable solu5ons with sharp bending angle observa5ons. This topic deserves a 
more careful analysis and will be addressed in a follow-on study.  In the paper, we note the 
limita5on of the current study as following: 
 
“So far we use the diagonal covariance matrix by assuming the model data is independent for 
all levels, but in reality the temperature and water vapor at neighboring levels may be 
correlated. To invesJgate the impact of the off-diagonal elements we repeat the RAOB 
simulaJon using the covariance matrix computed by the equaJon documented in [Healy, 
2001]: 
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where 𝒊 and 𝒋 are the column and row index of the background matrix respecJvely,  𝝈𝒊 is the 
standard deviaJon at i-th level, 𝒛 is the level alJtude, and 𝒍 is the scale length. In this test we 
set 𝒍 as 0.75km, and the corresponding temperature and water vapor results are shown in Fig. 
8. As the figure shows the off-diagonal elements will smooth the esJmated soluJons with the 
correlaJon between different levels, which is consistent with the results shown in [Healy, 
2001]. The enforcement of smoothness in the esJmated profiles makes the combinaJon with 
sharp RO bending angle observaJons in the lower troposphere difficult. The water vapor 
profile shows less small-scale structures and the RO and RO/WWR temperature profile has 
larger error above PBL. Therefore, while the esJmaJon results are generally insensiJve to the 
covariance, they could be sensiJve to the correlaJon in the background and the off-diagonal 
terms have to be carefully chosen in pracJce. The method to select opJmal off-diagonal terms 
in background matrix needs to be further invesJgated in the future.” 
 
 
 
 “We also analyzed the sensiJvity of the temperature and vapor retrieval in each scenario to 
the a-priori, background covariance, and observaJon covariance and showed that the 
RO/MWR combinaJon is the most stable among the three scenarios when the background 
verJcal levels are assumed uncorrelated.” 
 
 
 
 



 
 
 
 
On line 368 it states that the retrieval is "independent of any operational NWP model", 
but on line 329 it says that "the NCEP analysis, used as priors in the 1DVar". This needs 
to be clarified.  

[Authors] While the combina5on results show that it is much less dependent on background 
model, we agree the NWP model is s5ll used here as an input and is not en5rely independent. 
Here we rephrase the Line 368 as: 

“The proposed 1DVar joint retrieval is less dependent of any given operaJonal NWP model 
and is not limited by observa5on QC criteria, a-priori contribu5on, or the ver5cal grid resolu5on 
applied in opera5onal NWP models” 
 

In addition, did the NCEP analysis assimilate COSMIC-2 and ATMS? On line 361, the 
authors rightly note the similarities with data assimilation for numerical weather 
prediction, which is designed to retrieve information from a broad range of 
observation types. On 369, it states that the joint retrieval may be useful for validating 
NWP models. However, it is difficult to believe that is joint retrieval will be more 
accurate than an NWP analysis where COSMIC-2, ATMS and other observations have 
been assimilated. The authors will have to justify this potential NWP application more 
clearly before publication.  

[Authors] Yes NCEP analysis does assimilate both observa5ons. Here we meant to validate the 
“models” without observa5ons, rather than NWP “analysis” that assimilated all observa5ons. 
However, the combina5on results can assist the NWP analysis under some special 
circumstances. For example, the majority of COSMIC-2 cases are rejected at lower troposphere 
by the current QC criteria at many NWP centers, and the RO/MWR combined retrieval will then 
provide addi5onal informa5on to validate the data assimila5on process results. This point is 
clarified to the discussion as follows: 

“Therefore, the jointly retrieved temperature and water vapor profiles can be good candidates 
for valida5ng weather and climate models. In addiJon, under the circumstances when 
individual RO and/or MWR measurements are not included in the data assimilaJon process 
due to the internal QC of the NWP systems, the joint retrieval profiles can potenJally provide 
the addiJonal data more amenable for NWP processing.” 
 


