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Comments on Characterization of the Long-term Radiosondes Temperature Biases…. by 
Ho et al. (ACP-2016-801) 
Rick Anthes 
 
Line numbers refer to ACP-2016-801.pdf 
 
Overall comments 
 
The authors have done a lot of careful work and there are interesting results in their paper 
on the different accuracies, stabilities and trends of various types of radiosonde data. The 
authors use radio occultation (RO) data in the upper troposphere and lower stratosphere 
as a reference data set for the period June 2006 to April 2014. Since radiosonde data are 
often used in climate studies, it is important to document the accuracies and uncertainties 
of different types of radiosondes in different countries.  
 
1. However, the paper is too long (58 pages) and the sections on results (Sections 3-5) are 
tedious and difficult to read because of too much detail in the text that merely duplicates 
what is in the tables and figures as well as too many symbols in the text (e.g. ΔT 
(RS92200701-201012)). Furthermore, much of the detail is describing statistics that are small 
and probably not statistically significant or of general interest. The reader is 
overwhelmed with the reporting of many numbers without a focus on what is really 
important and what is of little or no interest. The paper would be greatly improved and 
have more impact if it were shortened significantly and only the major results included in 
the text. 
 
! As suggested by the reviewer, we shorten this paper significantly. We rewrote Section 

3-5, combining section 4.2, section 4.3, and section 5 into a new section (new section 
4.2). Many symbols (e.g. ΔT (RS92200701-201012)) are removed in the text. In addition, 
we removed results for 150 hPa (i.e., Tables 4 and 6) because the results were similar 
to those at 50 hPa. Appendix A is also removed, yet a part of the Appendix A is 
inserted in the Introduction section. To demonstrate whether the results are 
statistically significant or not, we performed statistical significance tests for RAOB – 
RO trend difference. We only mention that the statistical significance results in the 
revised paper. The revised manuscript is now reduced from 58 pages to 47 pages. All 
changes are tracked and the tracked manuscript is also submitted. In addition, since 
the heights from 150 hPa to 50 hPa are in part of upper troposphere, we added “   
“Upper Troposphere and” to the title.     

  
2. There are many statistics of radiosonde minus RO temperatures from various types of 
radiosondes at different levels of the atmosphere between 200 and 20 hPa over six 
different regions of the world. It is not clear which of these results are statistically 
significant and which ones we should be concerned about. This makes interpretation of 
the results difficult as we could be looking at small, quasi-random differences that have 
no physical meaning, nor even meaning relative to the specific types of radiosonde data. 
Differences are often 0.1K or less, which are well below the accuracy of radiosonde 
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sensors. When the different atmospheric sampling volumes of the radiosondes and RO 
are considered, sampling errors alone can be much larger than 0.1K. It would be helpful 
if the authors could do statistical significance tests and describe in the text only the 
results that are significant at the 95% or higher level. 
 

! To demonstrate if the computed de-seasonalized trend differences (RAOB – RO) 
are statistically significant or not, we performed statistical significance tests for 
the trend difference. In Figs. 12 and 13 we list the 95% confidence intervals for 
trend difference (ROAB – RO) in the parentheses.  
 

! The 95% confidence intervals for trend differences for global Vaisala (RS80, 
RS90, and RS92) and other sensor types during the daytime and night time in the 
North hemisphere mid-latitude (60°N-20°N) are summarized in the Table 4. We 
also discuss what the trends in radiosonde minus RO temperatures and RO 
temperatures means is the text (see the reply for comment 5). 

 
 
3. The authors compute trends of the differences between individual types of radiosonde 
and RO over a 7-year period. Most of the trends are small (of order 0.2 K per five years) 
and quite different, with some being positive and some being negative. It is not clear 
what these trends mean, except as an indication of the uncertainty of the radiosonde 
minus RO temperatures over this short period. Again an estimate of the statistical 
significance of these trends would be useful. What would the magnitude of trends 
computed from a similar time series of random data with the same standard deviation as 
these differences be? A comparison of what sort of trends in temperature at these levels 
due to long-term climate change would be useful as well. For example, from climate 
models we might expect a temperature trend in the lower stratosphere to be something 
like 5 K per 100 years or 0.25 K per five years. Trends reported in this paper for the 
Vaisala RS92 radiosonde at 50 hPa (Table 3) range from -0.211 K/5 years (U.S., night) to 
0.264 K/5 years (England, day), so they are comparable or slightly smaller than what one 
would expect for a long-term climate trend signal.  
 

! To compare trends in temperature at these levels due to long-term climate change 
with RO trends in this paper, we refer to stratospheric temperature trends over 
1979–2015 computed by Randel et al., (2016) in line 466. Randel et al., (2016) is 
also added in the references. Randel et al., (2016) indicated that the linear trends 
over 1979–2015 show that cooling in the lower stratosphere is about -0.1 K 
to -0.2 K/decade. In line 464 we added, “A long-term (de-seasonalized) trend in 
temperature at this level associated with global warming (stratospheric cooling) 
might be approximately -0.1 to -0.2 K/decade or -0.05 to -0.1 K/5 years (Randel 
et al., 2016). Trends reported in this paper for the Vaisala RS92 radiosonde at 50 
hPa (Table 3) range from -0.211 K/5 years (U.S., night) to 0.264 K/5 years 
(United Kingdom, day), which are comparable to those reported by Randel et al., 
(2016).”   
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4. It would also be interesting to compare these trends in radiosonde-RO temperature 
differences to the corresponding trends in the RO temperatures over this period. Indeed, 
Tables 3 and 4 give the RO trends, but they are never mentioned in the text!  
 

! As suggested by the reviewer, we rewrote sections 4 and 5 and compared de-
seasonalized trends of radiosonde-RO temperature differences to the 
corresponding trends in RO temperatures over this period.  
 

! In line 455 we added “The de-seasonalized trends in RO temperatures are 
generally larger than those for the radiosonde-RO differences. A maximum de-
seasonalized trend of 1.143 K/5 yrs is found for nighttime temperatures over the 
United Kingdom. A minimum de-seasonalized trend of -0.69 K/5 yrs is found for 
daytime temperatures over Canada. Trends with magnitude greater than 0.5 K/5 
yrs are found over the United States, Germany, Canada and the United Kingdom. 
The fact that these de-seasonalized trends in RO are significantly greater than the 
de-seasonalized trends in the differences suggests that they represent a physical 
signal in these regions. However, the time series is too short to represent a long-
term climate signal; instead these likely represent real but short-term trends 
associated with natural variability.” 

 
! To shorten the paper, we also removed results for RAOB and RO temperature 

comparisons at 150 hPa (old Tables 4 and 6). Now the new Tables 3 and 4 are 
specifically mentioned in the new text.  
 

5. The RO temperature trends at 50 hPa (Table 3) range from -0.69 (Canada, day) to 
1.143 (England, night).  Quite different values are found at 150 hPa (Table 4), with the 5-
year trends ranging from -0.797 (Canada, day) to 1.508 (U.S. day).  In general, the 
magnitudes of the trends of radiosonde-RO temperature differences are smaller than the 
trends in RO temperatures, which is an indication of the consistency between the 
radiosonde and RO temperatures. The large differences in RO temperature trends 
between regions (much larger than expected for a long-term climate change signal) 
probably indicates natural variability in the six different regions. The fact that they are 
larger than the trends in the differences indicates to me that they are a real signal in the 
different regions over this 7-year time period. Presumably, since the radiosonde-RO 
trends are smaller, the radiosondes (at least the good ones) would pick up similar trends 
to the RO trends. A discussion of what the trends in radiosonde minus RO temperatures 
and RO temperatures means is needed. 
 

! We specifically added several discussions of what the trends in radiosonde minus 
RO temperatures and RO temperatures means in the new Section 4.2. 
  
As mentioned in the reply for comment 4, we added a discussion of what the 
trends in radiosonde minus RO temperatures and RO temperatures means in Line 
455. In line 460, we specifically discuss what the trends in radiosonde minus RO 
temperatures and RO temperatures means: “The fact that these de-seasonalized 
trends in RO are significantly greater than the de-seasonalized trends in the 
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differences suggests that they represent a physical signal in these regions. 
However, the time series is too short to represent a long-term climate signal; 
instead these likely represent real but short-term trends associated with natural 
variability. “ 

 
! In lines 470-480, we discuss what trends in radiosonde minus RO temperatures 

and RO temperatures means by stating “We compare the global trend of 
radiosonde – RO temperature differences for the Vaisala and other radiosondes at 
50 hPa in Table 4. The Vaisala RS92 biases are 0.22 K (day) and 0.12 K (night). 
The global de-seasonalized temperature differences for Vaisala RS92 for daytime 
and nighttime are equal to 0.074 K/5yrs and -0.094 K/5yrs, respectively. The 95% 
confidence intervals for slopes are shown in the parentheses in Table 4. This 
indicates that although there might be a small residual radiation error for RS92, 
the trend in RS92 and RO temperature differences from June 2006 to April 2014 
is within +/-0.09 K/5yrs globally. These values are just above the 1-sigma 
calibration uncertainty estimated by Dirksen et al. (2014). This means that 
probably the stability of the calibration alone could explain most of this very 
small trend. It is also consistent with the change in radiation correction.” 
 

 
! We discuss the mean bias in the last two paragraphs of Section 4.2. In line 481 we 

state “Figure 13 depicts the de-seasonalized temperature differences for Sippican 
MARK IIA, VIZ-B2, AVK-MRZ, and Shanghai in North hemisphere mid-latitude 
(60°N-20°N) at 50 hPa and the results are summarized in Table 4. The 95% 
confidence intervals for slopes are shown in the parentheses in Table 4. The de-
seasonalized trend of the daytime differences varies from -0.137 K/5 years 
(Russia) to 0.468 K/5 years (VIZ-B2). The magnitudes of the daytime trends are 
less than 0.2 K/5 yrs for all sensor types except VIZ-B2 and Sippican, which both 
exceed 0.4 K/5 yrs. These are much larger than those of the Vaisala RS92 (0.074 
K/5 yrs).”  

 
! In line 489, we state, “The corresponding nighttime de-seasonalized trends in the 

biases vary from -0.348 K/5 yrs (VIZ-B2) to 0.244 K/5 yrs (Sippican). Again, 
these are much larger than those of Vaisala RS92 (-0.094 K/5 yrs). Thus the VIZ-
B2 sensor stands out as having larger biases and trends than do the other sensors.” 

 
In summary, the paper contains some interesting and important results and should be 
published, but it requires significant rewriting, editing, and shortening with greater 
emphasis on what the important results are and less detail on all the individual numbers.  
 
Detailed comments 
 
1. The papers use three terms to describe the radiosonde-RO temperature differences: 

differences, biases, and anomalies. I suggest using only differences and biases, and 
eliminate all references to anomalies.  
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! We replace all “anomalies” with “differences” in this paper.   
 

2. Do you mean United Kingdom rather than England? 
 

! Yes, it shall be “United Kingdom”. We replace all “England” with “United 
Kingdom” in this paper and Figures. The revised Figs. 3, 4, 5, 9, 10, and 12 are 
inserted.  

 
3. An example of how a difficult to read paragraph containing a repetition of data in a 

table can be simplified, shortened, and made more readable is lines 264-267: 
 
“In general, the radiosonde temperature biases vary for different sensor types. The mean 
ΔT for RS92 (0.16 K), RS80 (0.10 K), RS90 (0.13 K), Sippican MarkIIA (-0.08 K), 
Shangai (0.05 K) and Meisei (0.11 K) are smaller than those for AVK (0.33 K) and VIZ-
B2 (0.22 K) (see Table 2)” (50 words) may be replaced with 
 
“The radiosonde temperature biases vary for different sensor types. All biases are less 
than 0.25 K, except for AVK and VIZ-B2, which reach 0.66 and 0.71 K respectively 
during the day.”  (31 words). 
 

! The sentence in lines 264-267 was revised as suggested by the reviewer.  Similar 
sentences in old Sections 3-5 were also revised and are not specifically 
mentioned. The tracked manuscript is submitted.  

  
4. An example of unnecessary use of symbols in a sentence which makes reading 

difficult is:  “The mean temperature biases in this region for Time
SippicanΔ , Time

BVIZ 2−Δ , Time
AVKΔ , 

and Time
ShanghaiΔ  for 50 hPa are summarized in Table 5.” This can be written in much 

more readable form as “The mean temperature biases in this region for the Sippican, 
VIZ-B2, AVK, and Shanghai radiosondes at 50 hPa are summarized in Table 5.” 

 
! We removed many symbols (for example, Time

SippicanΔ ) in this paper and many 
sentences are revised as suggested. For example, in line 426, we now state “All 
daytime biases are below 0.25 K in magnitude, except for Russia (0.8 K) and 
VIS-B2 (0.87 K). The magnitudes of the mean nighttime biases are all less 0.25 K 
except for VIS-B2, which is -0.56 K. The daytime biases for Russia and VIS-B2 
contain obvious inter-seasonal variation.” No symbols are used in the sentence.  

 
5. Lines 439-442. I don’t understand this sentence. If the U.S. did not use RS92 

radiosondes before 2012, there would be no data for comparison with RO before 2012 
(i.e. none in the period 2007-2010). However, this section talks about RS92 from Jan 
2007 to Dec 2010 for the U.S. and Fig. 10 shows RS92 vs. RO going back to 2007. 
Also, a small number of pairs in the comparison does not necessarily imply small 
differences—in fact, a small number of pairs could lead to large differences due to an 
inadequate sample size. 

 



! 6!

! The US National Weather Service (NWS) did not use Vaisala RS92 radiosondes 
before 2012. The Vaisala RS92 radiosondes before 2012 were mainly launched by 
research groups (for example, at the ARM site and during individual field 
experiments from universities, etc).  
 

! To avoid confusion by the readers, we deleted the statement “since the US 
National Weather Service (NWS) did not use Vaisala RS92 radiosondes before 
2012.” 

 
6. It seems strange that Table 3 is not mentioned until line 563, long after Tables 4, 5 

and 6 are mentioned and discussed. 
 

! In the revised paper, we refer to Table 3 before Table 4. The Table 3 is now 
referred in line 415 whereas Table 4 is first referred in line 426.  
 



! 1!

Interactive comment on “Characterization of the Long-term Radiosonde 
Temperature Biases in the Lower Stratosphere using COSMIC and Metop-A/GRAS 
Data from 2006 to 2014” by Shu-Peng Ho et al.  
Anonymous Referee #2  
 
Received and published: 15 December 2016  
 
This manuscript compares COSMIC and MetOP/GRAS GPS RO data with radiosonde 
temperatures in the interval 2006-2014. While this is not the first comparison of these 
data sets, the one presented here is an improvement due to the long time interval con- 
sidered and because reprocessed COSMIC data have been used. The comparison is 
comprehensive and detailed. Accurate estimation of differences between radiosondes and 
GPS-RO is important since both are potentially used as “anchors” in reanalysis efforts. 
Other, less accurate data such as satellite radiances or aircraft temperatures are often bias-
adjusted adaptively (Dee and Uppala 2009), whereas "anchors" are not.  
 
Therefore I recommend eventual publication of the manuscript after undergoing the 
following major revisions:  
 
1) Before the actual intercomparison, it should be specified what the structural 
uncertainties of the two measurement technologies are. These are mentioned for RO 
retrievals only in the supplement (+/-0.1 K in the 20-200 hPa range). For many modern 
radiosondes (RS92 in particular) they are specified as +/- 0.2 K below 100 hPa and 
somewhat higher at higher levels. RS-RO differences that fall within this range, 
especially if they are different in different regions of the world, should not be considered 
as ”bias”, as they may have other causes than systematic measurement errors. Small 
sample sizes or the different volumes sampled may be the reasons for the differences.  
 

! As suggested by the reviewer#1, we shortened this paper significantly. In the 
revised paper line 261, we added “For many modern radiosondes (for example 
RS92) the structural uncertainties are +/- 0.2 K below 100 hPa and somewhat 
higher at higher levels.”  

 
2) Modern radiosondes measure up to the 5hPa level, whereas this comparison stops at 20 
hPa. Presumably this conservative choice is related to uncertainties in the inversion of the 
Abel integral necessary for the conversion of bending angles to refractivities. They lead 
to larger strucural uncertainties of the RO method. Could you elaborate on this, and also 
if the +/- 0.1K uncertainty specified for RO profiles applies to the 20 hPa level.  
 

! In the revised paper, we moved parts of Appendix A (The Quality of GPS RO 
Data as Benchmark References and the New Reprocessed Package) to the 
introduction section. In line 112, we specifically stated  
“At 20 hPa, the mean temperature difference between COSMIC and CHAMP was 
within 0.05K (Ho et al., 2009b).” 

! In line 113 we specially stated the mean layer temperature difference between 200 
hPa to 10 hPa is within 0.05 K, and at 20 hPa, the mean temperature difference is 
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equal to 0.03 K:” Schreiner et al. (2014) compared re-processed COSMIC and 
Metop-A/GRAS (Meteorological Operational Polar Satellite–A/Global 
Navigation Satellite System (GNSS) receiver for Atmospheric Sounding) bending 
angles and temperatures produced at COSMIC Data Analysis and Archive Center 
(CDAAC). The mean layer temperature difference between 200 hPa to 10 hPa 
was within 0.05 K where the mean temperature difference at 20 hPa is equal to 
0.03K. This demonstrates the consistency of COSMIC and Metop-A/GRAS 
temperatures.”  

 
! The current results are for 200 hPa and 20 hPa, where the ionospheric effect is 

minimal.  
  

! To estimate the uncertainty of RO temperatures in the upper troposphere and 
lower stratosphere, particularly between 200 hPa and 10 hPa, we stated in line 
122: “To estimate the uncertainty of RO temperature in the upper troposphere and 
lower stratosphere, Ho et al., (2010) compared RO temperature from 200 hPa to 
10 hPa to those from Vaisala-RS92 in 2007 where more than 10,000 pairs of 
coincident Vaisala-RS92 and COSMIC data were collected. The mean bias in this 
height range was equal to -0.01 K with a mean standard deviation of 2.09 K. At 
20 hPa, the mean bias was equal to -0.02K. These comparisons demonstrate the 
quality of RO temperature profiles in this height range.” 

 
! Based on above studies, we are confident that an uncertainty of +/- 0.1K for RO 

profiles does apply to the 20 hPa level. 
 

  
The other review points are minor:  
 
3) The trend comparisons are difficult to interpret since the time interval is so short. Also 
the regional trend variability is much larger than the trend differences between RS and 
RO, at least for the more accurate radiosonde types.  
 

! As suggested by the reviewer#1, we shortened this paper significantly. We 
rewrote sections 3-5, combining section 4.2, section 4.3, and section 5 into a new 
section (new section 4.2). In the new section 4.2, we add several paragraphs to 
discuss what the trends in radiosonde minus RO temperatures and RO 
temperatures means. 

 
As mentioned in the reply for comment 4, we added a discussion of what the 
trends in radiosonde minus RO temperatures and RO temperatures means in Line 
455. In line 460, we discuss what the trends in radiosonde minus RO temperatures 
and RO temperatures mean: “The fact that these de-seasonalized trends in RO are 
significantly greater than the de-seasonalized trends in the differences suggests 
that they represent a physical signal in these regions. However, the time series is 
too short to represent a long-term climate signal; instead these likely represent 
real but short-term trends associated with natural variability.” 
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! In lines 470, we discuss what the trends in radiosonde minus RO temperatures and 

RO temperatures mean by stating “We compare the global trend of radiosonde – 
RO temperature differences for the Vaisala and other radiosondes at 50 hPa in 
Table 4. The Vaisala RS92 biases are 0.22 K (day) and 0.12 K (night). The global 
de-seasonalized temperature differences for Vaisala RS92 for daytime and 
nighttime are equal to 0.074 K/5yrs and -0.094 K/5yrs, respectively. The 95% 
confidence intervals for slopes are shown in the parentheses in Table 4. This 
indicates that although there might be a small residual radiation error for RS92, 
the trend in RS92 and RO temperature differences from June 2006 to April 2014 
is within +/-0.09 K/5yrs globally. These values are just above the 1-sigma 
calibration uncertainty estimated by Dirksen et al. (2014). This means that 
probably the stability of the calibration alone could explain most of this very 
small trend. It is also consistent with the change in radiation correction.” 

 
! We discuss the mean bias in the last two paragraphs of Section 4.2. In line 481 we 

stated “Figure 13 depicts the de-seasonalized temperature differences for Sippican 
MARK IIA, VIZ-B2, AVK-MRZ, and Shanghai in North hemisphere mid-latitude 
(60°N-20°N) at 50 hPa and the results are summarized in Table 4. The 95% 
confidence intervals for slopes are shown in the parentheses in Table 4. The de-
seasonalized trend of the daytime differences varies from -0.137 K/5 years 
(Russia) to 0.468 K/5 years (VIZ-B2). The magnitudes of the daytime trends are 
less than 0.2 K/5 yrs for all sensor types except for VIZ-B2 and Sippican, both of 
which exceed 0.4 K/5 yrs. These are much larger than those of the Vaisala RS92 
(0.074 K/5 yrs).“!

 
! In line 489, we stated “The corresponding nighttime de-seasonalized trends in the 

biases vary from -0.348 K/5 yrs (VIZ-B2) to 0.244 K/5 yrs (Sippican). Again, 
these are much larger than those of Vaisala RS92 (-0.094 K/5 yrs). Thus the VIZ-
B2 sensor stands out as having larger biases and trends than do the other sensors.” 

 
4) When looking at the maps in Figure 2, it seems there is quite some heterogeneity even 
in countries with the same sensor, particularly at daytime, e.g. over China and Brasil. Can 
you give an explanation? It appears that the radiosonde type is not the only factor that 
determines the temperature biases. Do you think it is possible to estimate the biases also 
for each station individually? This has been done by several authors when homogenizing 
radiosonde time series.  
 

! We suspect that the heterogeneity over China may be due to inconsistent 
corrections applied in northern and southern provinces of China. In general, the 
Chinese sondes contain their corrections, which are not documented in public 
literature.  
 

! The heterogeneity over Brazil may be due to a smaller sample size at certain 
stations. For example, we found that stations with temperature biases larger than 
0.5 K in the east Brazil contain only about 60 RO-RAOB pairs. 
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! Two more sentences were added in section 3.1 “Although we only include 

stations containing more than 50 RO-RAOB pairs, some level of heterogeneity 
(i.e., Fig. 2a over Brazil) may be due to low sample numbers. For example, 
stations with temperature biases larger than 0.5 K in eastern Brazil contain only 
about 60 RO-RAOB pairs. The cause of the heterogeneity in temperature bias 
between North and South China is not certain at this point.”  

 
5) The thresholds for daytime/nighttime (SZA < or > 90 deg) may not be optimal. Fig. 8c 
clearly shows positive biases at 90 deg, only at >95deg they are negative. Also the VIZ 
B2 and Shanghai sondes seem to reach their nighttime value at SZA clearly larger than 
90 deg. I am also asking for which times the SZA have been calculated? Nominal launch 
time of the radiosonde or time of collocation? Please clarify.  
 
 

! We tested several criteria and decided to use thresholds of SZA < 90 as daytime 
and SZA > 90 as nighttime. It is possible that this could contain scattering effects 
during dawn and sunset, but we given the uncertainties of the actual time of 
observations, this threshold appeared most appropriate. 

 
! The SZA is computed from the launch time and location of sonde station since the 

information of specific time and location of sonde at different height is not 
available.    
 

! We added: “The SZA is computed from the synoptic launch time and location of 
sonde station since the time and location of the sonde at different height is not 
available.” in the end of section 2.3. 

 
6) What is the reason for the strong decrease in measurement numbers already at 70 hPa 
over the US (Fig. 3a)? Did the reports from higher levels go missing? At most other 
places RS92 sondes consistently reach 20 hPa.  
 

! The height is determined by the balloon used at various sites. There are about 15 
stations launching RS92 during the study period. Our best guess is that these US 
stations are only interested in the tropospheric profiles and use smaller balloons. 
Meteorological services usually try to get to 50 or 30 hPa for all soundings and 
use slightly larger balloons. GRUAN stations are required to reach 5 hPa and 
should use larger balloons. The sondes launched ARM site also reach to 5 hPa.  
 

! To provide the possible reason for the strong decrease in measurement numbers 
already at 70 hPa over the US (Fig. 3a), in Line 314 we added “Figure 3 indicates 
that RS92 in different regions demonstrate a similar quality in terms of mean 
differences from RO with a small warm bias above 100 hPa, as well as similar 
standard deviations relative to the mean biases of approximately 1.5K. Because 
some stations in the United States are only interested in the tropospheric profiles 
and use smaller balloons, fewer RO-RS92 samples are available above 70 hPa 
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compared to those in other countries.”  
 
7) Fig. 3 onwards: You plot means and standard deviations. Instead you could plot means 
and the standard deviations of the MEAN (sigmaˆ2/sqrt(N)) or 95% confidence intervals. 
This would allow a smaller scale for the x-axes.  
 

! I think the review is talking about “standard error of the mean”. We did plot the 
standard error of the mean. Since there are a lots of RO-RAOB pairs, the standard 
error of the mean is too small to see.  
 

! The standard deviation of the mean are plotted in current Figs. 3, 4, 6, 7.  We also 
add the standard error of the mean in Figs. 3, 4, 6, and 7. To make it clear, we re-
state “We also plot the standard error of the mean (black dot) superimposed on the 
mean. The value of the standard error of the mean is less than 0.03 K depending 
on the sample numbers ” in the caption of Fig. 3. 

 
8) Figs 5,8: Please triple number scale so that there is less intersection between number 
line and departures.  
 

! The number scale in Figs. 5 and 8 is revised. The new Figs. 5 and 8 are used in 
the paper. 

 
9) Fig. 9: Are these differences significant? The samples are smaller here. If std is 1.5K 
and number is 1000 for both samples, then the std of the means is roughly +/-0.05. For a 
95% confidence interval you have to multiply with 1.96. Thus a large fraction of the 
differences shown in Fig. 9 would be insignificant.  
 

! The purpose of Fig. 9 is to use RO temperature as references to identify the RS92 
temperature biases due to change of radiation correction. With the uncertainty of 
RO data (+/- 0.1K uncertainty) and RAOB data ((+/- 0.2K uncertainty below 100 
hPa and larger uncertainty above that), it is hard to say the results are significant. 
   

! Therefore, we added a new paragraph in line 387 “There is no consistent pattern 
of differences in these two periods over the six regions, with mean differences 
ranging from -0.122 K (Australia) to 0.047 K (United States). The small 
differences in profile shapes and magnitudes are an indication of the magnitude of 
the uncertainty in RS92 temperatures due to differences in implementing the 
radiation correction tables.” 

 
10) Figs 11-13: Are the trends or trend differences significant? Please give confidence 
intervals for slopes.  
 

! Confidence intervals for slopes are added in each panel in Figs. 12 and 13. The 
confidence intervals for slopes are shown in the parentheses in each panels of 
Figs. 12 and 13. 
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11) Layer mean 20-200 hPa bias values in tables 1,2 are of limited use, since the biases 
changes a lot over this range of pressure.  
 

! Table 2 summarizes the change of the mean and standard deviation of temperature 
differences (K) between 200 hPa and 20 hPa between RO and eight types of 
radiosonde. This is to demonstrate that RO temperature can be used as references 
to distinguish the temperature biases among sonde types and their biases at 
daytime and nighttime of the comparison in the rest of the paper. We think this is 
important and we will keep Tables 1 and 2. 

 
12) Tables 3,4: What do you think is the reason for the very different biases over Brasil at 
150 hPa for RS92 sondes? This level is well below the tropopause. Is it possible that 
water vapor or cloud content could adversely affect the RO estimates there. These effects 
have been neglected in Formula 1.  
 

! In the revised paper we remove results for those for 150 hPa (i.e., old Tables 4 
and 6) because the results were similar to those at 50 hPa.   
 

! The reason for the larger biases over Brazil for RS92 may be due to the 
incomplete bias correction. Figure 5 shows that the mean ΔT (RS92) has a slightly 
larger warm bias for low SZA (near noon) than that at higher SZA (late afternoon 
and in the night). The mean SZA for the RO-RS92 pairs over USA, Canada, and 
Brazil are 64.7 degree, 78.4 degree, and 45.9 degree, respectively. Because 
daytime SZA over Brazil is in general smaller (close to the noon) than other 
regions, the Brazil temperature biases relative to the collocated RO data are 
higher than other regions. 

   
! The attached figure (this will not be shown in the paper) depicts the seasonal 

variation of SZA over different regions.  
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13) l718: traceability, not tractability.  
 

! In line 718 and 491, the “tractability“ is replaced by “traceability “ 
 
14) l1385: RAOB instead of ROAB  
 

! In line 11385, the “ROAB” is replaced by “RAOB” 
 

15) l653-655: Some words are missing, the sentence does not seem to be complete.  
 

! The sentence is completed now. 
 

16) l558: non-trivial  
 

! In line 1558, “non-trivial” is added. 
  

 



 1 

 1 

Characterization of the Long-term Radiosonde Temperature Biases in 2 

the Upper Troposphere and Lower Stratosphere using COSMIC and 3 

Metop-A/GRAS Data from 2006 to 2014    4 

 5 

 6 

  7 

Shu-peng Ho1, Liang Peng1, Holger Vömel2  8 

 9 
1 COSMIC Project Office, University Corporation for Atmospheric Research, Boulder, 10 

CO, USA  11 
2 National Center for Atmospheric Research, Boulder, CO, USA 12 

 13 

Manuscript for Atmospheric Chemistry and Physics  14 

September 2016 15 

 16 

 17 

 18 

Shu-Peng Ho, COSMIC Project Office, Univ. Corp. for Atmospheric Research, P. O. 19 

Box 3000, Boulder CO. 80307-3000, USA (spho@ucar.edu) 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 



 2 

Abstract 31 

Radiosonde observations (RAOBs) have provided the only long-term global in 32 

situ temperature measurements in the troposphere and lower stratosphere since 1958. In 33 

this study, we use consistently reprocessed Global Positioning System (GPS) radio 34 

occultation (RO) temperature data derived from the COSMIC and Metop-A/GRAS 35 

missions from 2006 to 2014 to characterize the inter-seasonal and inter-annual variability 36 

of temperature biases in the upper troposphere and lower stratosphere for different 37 

radiosonde sensor types. The results show that the temperature biases for different sensor 38 

types are mainly owing to i) uncorrected solar zenith angle dependent errors, and ii) 39 

change of radiation correction. The mean RO-radiosonde global daytime temperature 40 

difference for Vaisala RS92 is equal to 0.22 K. The mean global daytime difference is 41 

equal to -0.12 K for Sippican, 0.87 K for VIZ-B2, 0.8 K for Russian AVK-MRZ, and 0.1 42 

K for Shanghai. The global daytime trend of differences for Vaisala RS92 and RO 43 

temperature at 50 hPa is equal to 0.074 K/5yrs. Although there still exist uncertainties for 44 

Vaisala RS92 temperature measurement over different geographical locations, the global 45 

trend of temperature differences between Vaisala RS92 and RO from June 2006 to April 46 

2014 is within +/-0.09 K/5yrs. Comparing with Vaisala RS80, Vaisala RS90 and sondes 47 

from other manufacturers, the Vaisala RS92 seems to provide the most accurate RAOB 48 

temperature measurements, and these can potentially be used to construct long term 49 

temperature Climate Data Records (CDRs). Results from this study also demonstrate the 50 

feasibility of using RO data to correct RAOB temperature biases for different sensor 51 

types.  52 

 53 

Ben Ho � 12/5/2016 2:20 PM
Deleted: RAOB 54 
Ben Ho � 12/5/2016 2:22 PM
Deleted: RAOB 55 
Ben Ho � 12/5/2016 2:23 PM
Deleted: (ΔT ) 56 
Ben Ho � 12/8/2016 10:21 AM
Deleted:  57 
Ben Ho � 12/5/2016 2:23 PM
Deleted: 0.18 K in Australia, 0.20 K in 58 
Germany, 0.10 K in Canada, 0.13 K in 59 
England, and 0.33 K in Brazil60 
Ben Ho � 12/5/2016 2:24 PM
Deleted: ΔT 61 
Ben Ho � 12/5/2016 2:24 PM
Deleted: 0662 
Ben Ho � 12/5/2016 2:24 PM
Deleted: 7163 
Ben Ho � 12/5/2016 2:24 PM
Deleted: 6664 
Ben Ho � 12/5/2016 2:25 PM
Deleted: 0.18 65 
Ben Ho � 12/5/2016 2:25 PM
Deleted: anomalies 66 
Ben Ho � 12/5/2016 2:25 PM
Deleted: 067 
Ben Ho � 12/5/2016 2:25 PM
Deleted: yrs over United States, -0.02 K/5 68 
yrs over Germany, 0.17 K/5yrs over Australia, 69 
0.23 K/5yrs over Canada, 0.26 K/5yrs over 70 
England, and 0.12 K/5yrs over Brazil, 71 
respectively. 72 
Ben Ho � 12/5/2016 2:26 PM
Deleted: measurements 73 
Ben Ho � 12/5/2016 2:28 PM
Deleted: anomaly74 
Ben Ho � 12/5/2016 2:28 PM
Deleted:  globally75 
Ben Ho � 12/5/2016 2:28 PM
Deleted: best76 
Ben Ho � 12/5/2016 2:29 PM
Deleted: which 77 
Ben Ho � 12/5/2016 2:29 PM
Deleted: to use 78 



 3 

1. Introduction 79 

     Stable, long-term atmospheric temperature climate data records (CDRs) with accurate 80 

uncertainty estimates are critical for understanding the impacts of global warming in both 81 

troposphere and stratosphere and their feedback mechanisms (Thorne et al., 2011; Seidel 82 

et al., 2011). Radiosonde observations (RAOBs) have provided the only long-term global 83 

in situ temperature, moisture, and wind measurements in the troposphere and lower 84 

stratosphere since 1958. Several groups have used multiple years of RAOB temperature 85 

measurements to construct long term CDRs (e.g., Durre et al., 2005; Free et al., 2004, 86 

2005; Sherwood et al., 2008; Haimberger et al., 2008, 2011; Thorne et al., 2011; Seidel et 87 

al., 2009). However, it has long been recognized that the quality varies for different 88 

sensor types and height (e.g. Luers and Eskridge, 1995, Luers 1997, Luers and Eskridge 89 

1998). Therefore, except for some sensor types where a relatively objective radiation 90 

correction had been applied (i.e., Vaisala RS90), it is difficult to objectively identify, 91 

trace, and remove most of the sensor-dependent biases for the historical sonde data and 92 

use the corrected RAOB temperatures to construct consistent temperature CDRs. The 93 

large uncertainties among temperature CDRs constructed from satellite and in situ 94 

measurements are still one of the most challenging issues for climate change researches 95 

(IPCC AR5).   96 

 The causes of temperature errors among RAOB sensor types include the 97 

changing of instruments and practices (Gaffen, 1994) and errors occurring due to the 98 

influence of solar and infrared radiation on the thermistor. In the past decade, many 99 

homogenization methods have been proposed to identify and correct errors due to 100 

changing of instruments and practice (Luers and Eskridge 1998; Lanzante et al., 2003; 101 
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Andrae et al., 2004; Free et al., 2004, 2005; Sherwood et al., 2008; Haimberger et al., 117 

2008, 2011; Thorne et al., 2011; Seidel et al., 2009). Possible errors due to changes of 118 

instruments were identified by comparing with temperature measurements from adjacent 119 

weather stations. However, this approach is limited by the low number of co-located 120 

observations and large atmospheric variability. In addition, due to lack of absolute 121 

references, the remaining radiation temperature biases from adjacent stations may not be 122 

completely removed. As a result, only relative temperature differences of a possibly large 123 

uncertainty among stations are identified.  124 

To correct possible RAOB temperature errors due to radiative effects, Andrae et 125 

al., (2004) and Haimberger et al., (2007, 2008, 2011) calculated temperature differences 126 

between observations and reanalyses data which were then used to minimize the 127 

differences between daytime and nighttime temperature differences. Nevertheless, 128 

because changes of reanalysis systems and possible incomplete calibration of satellite 129 

instruments may complicate the temperature bias correction, long-term stability of the 130 

derived temperature trends is still of great uncertainty. To correct the RAOB 131 

solar/infrared radiation errors, radiation correction tables (for example, RSN96, RSN2005 132 

and RSN2010 tables from Vaisala) were introduced by manufactures to correct for 133 

radiation errors of particular sensors. However, when and how exactly different countries 134 

start to apply these corrections and whether there are remaining uncorrected radiative 135 

effects over different geographic regions are still unknown. It is important to use stable 136 

and accurate temperature references to characterize these errors from multiple sensors in 137 

different geographical regions over a long period of time.  138 

The fundamental observable (time delay) for the Global Positioning System (GPS) 139 
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radio occultation (RO) satellite remote sensing technique can be traced to ultra-stable 153 

international standards (atomic clocks) on the ground. While time delay and bending 154 

angles are traceable to the international standard of units (SI traceability), the derived 155 

temperature profiles are not. To investigate the structural uncertainty of RO temperature 156 

profiles, Ho et al., (2009a and 2011) compared CHAMP (CHAllenging Minisatellite 157 

Payload) temperature profiles generated from multiple centers when different inversion 158 

procedures were implemented. Results showed that the mean RO temperature biases for 159 

one center relative to the all center mean is within ±0.1K from 8 km to 30 km, except for 160 

the South Pole above 25 km. 161 

The mean temperature difference between the collocated soundings of COSMIC 162 

(Constellation Observing System for Meteorology, Ionosphere, and Climate) and 163 

CHAMP was within 0.1 K from 200 hPa to 20 hPa (Ho et al., 2009b; Anthes et al., 2008; 164 

Foelsche et al., 2009). At 20 hPa, the mean temperature difference between COSMIC and 165 

CHAMP was within 0.05K (Ho et al., 2009b). Schreiner et al. (2014) compared re-166 

processed COSMIC and Metop-A/GRAS (Meteorological Operational Polar Satellite–167 

A/Global Navigation Satellite System (GNSS) receiver for Atmospheric Sounding) 168 

bending angles and temperatures produced at COSMIC Data Analysis and Archive 169 

Center (CDAAC). The mean layer temperature difference between 200 hPa to 10 hPa 170 

was within 0.05 K where the mean temperature difference at 20 hPa is equal to 0.03K. 171 

This demonstrates the consistency of COSMIC and Metop-A/GRAS temperatures.  172 

The precision of RO temperature is ~ 0.1 K (Anthes et al., 2008; Ho et al., 2009a), 173 

and the precision of the trend of RO-derived temperature data is within ±0.06 K/5yrs (Ho 174 

et al., 2012). To estimate the uncertainty of RO temperature in the upper troposphere and 175 
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lower stratosphere, Ho et al., (2010) compared RO temperature from 200 hPa to 10 hPa 176 

to those from Vaisala-RS92 in 2007 where more than 10,000 pairs of coincident Vaisala-177 

RS92 and COSMIC data were collected. The mean bias in this height range was equal to 178 

-0.01 K with a mean standard deviation of 2.09 K. At 20 hPa, the mean bias was equal to 179 

-0.02K. These comparisons demonstrate the quality of RO temperature profiles in this 180 

height range.  181 

RO derived atmospheric variables have been used as reference to identify RAOB 182 

sensor dependent biases. For example, Kuo et al., (2004) used RO data to identify sensor 183 

type dependent refractivity biases. Ho et al., (2010a) demonstrated that RO-derived water 184 

vapor profiles can be used to distinguish systematic biases among humidity sensors. He et 185 

al., (2009), hereafter He2009 and Sun et al. (2010, 2013) used RO temperature data in the 186 

lower stratosphere to quantify the temperature biases for several sensor types. While 187 

He2009 used the COSMIC post-processed temperature profiles from August 2006 to 188 

February 2007 to quantify the radiosonde radiation temperature biases for different 189 

sensor types, Sun et al., (2010; 2013) used COSMIC real-time processed temperature 190 

profiles to identify radiosonde temperature biases for numerical weather prediction 191 

analysis. Because complete GPS orbital information is not available in real-time, 192 

approximate GPS orbital information was used in the real-time inversion processing. The 193 

differences between real-time and post-processed RO temperatures in the lower 194 

stratosphere range from 0.3 K to 0.1 K depending on the comparison period. Although 195 

real-time COSMIC data, which are processed by using periodically revised inversion 196 

packages, may be suitable for weather analysis, they may not be suitable for climate 197 

studies. Both of these RAOB-RO comparisons are constructed from a relatively limited 198 

Ben Ho � 12/5/2016 3:26 PM
Deleted: The 199 

Ben Ho � 12/5/2016 3:26 PM
Deleted:  200 

Ben Ho � 12/5/2016 3:27 PM
Deleted: GPS 201 

Ben Ho � 12/8/2016 1:48 PM
Deleted: FORMOSAT-3/Constellation 202 
Observing System for Meteorology, 203 
Ionosphere, and Climate (204 
Ben Ho � 12/8/2016 1:48 PM
Deleted: )205 

Ben Ho � 12/5/2016 3:28 PM
Deleted: from April 2008 to August 2009 206 
and from May 2008 to August 2011, 207 
respectively, 208 
Ben Ho � 12/5/2016 3:28 PM
Deleted: the 209 
Ben Ho � 12/5/2016 3:29 PM
Deleted: a 210 
Ben Ho � 12/5/2016 3:29 PM
Deleted:  mode211 
Ben Ho � 12/5/2016 3:29 PM
Deleted: s (not shown)212 
Ben Ho � 12/5/2016 3:29 PM
Deleted:  the213 
Ben Ho � 12/5/2016 3:30 PM
Deleted: it ma214 



 7 

period of time. A consistent validation of the variability of inter-seasonal and inter-annual 215 

RAOB temperature biases over a longer time period (close to ten years) for different 216 

temperature sensor types has not yet been done.  217 

Recently, the UCAR CDAAC has developed an improved reprocessing package, 218 

which is used to consistently process RO data from multiple years of multiple RO 219 

missions including COSMIC (launched in April 2006) and Metop-A/GRAS (launched in 220 

October 2006). A sequence of processing steps is used to invert excess phase 221 

measurement to retrieve atmospheric variables including bending angle, refractivity, 222 

pressure, temperature, and geo-potential height.  223 

The new inversion package uses improved precise orbit determination (POD) and 224 

excess phase processing algorithm, where a high-precision, multiple GNSS data 225 

processing software (i.e., Bernese Version 5.2, Dach et al., (2015)) is applied for clock 226 

estimation and time transfer. In the reprocessing package, the POD for COSMIC and 227 

Metop-A/GRAS are implemented separately (Schreiner et al., 2011). The re-processed 228 

RO data produce more consistent and accurate RO variables than those from post-229 

processed (periodically updated inversion packages were used) and real-time processed 230 

datasets.  231 

The objectives of this study are to use consistently reprocessed GPS RO 232 

temperature data to characterize i) solar zenith angle (SZA) dependent temperature biases, 233 

ii) potential residual temperature errors due to incomplete radiation correction, iii) 234 

temperature biases due to change of radiation correction over different geographical 235 

regions, iv) the inter-seasonal and inter-annual variability of these temperature biases, 236 

and v) the trends of these biases and their uncertainty for different senor types in the 237 
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upper troposphere and lower stratosphere. In contrast to previous studies (i.e., He2009 255 

and Sun et al. 2010, 2013) that used shorter time periods, close to 8 years (from June 256 

2006 to April 2014) of consistently reprocessed temperature profiles derived from 257 

COSMIC and Metop-A/GRAS are used. Because the quality of RO data does not change 258 

during the day or night and is not affected by clouds (Anthes et al., 2008), the RO 259 

temperature profiles co-located with RAOBs are useful to identify the variation of 260 

temperature biases over time of different temperature sensors.  261 

In Section 2, we describe the RO and RAOB data and the comparison method. 262 

The global comparison of RO-RAOB pairs for different temperature sensor types for 263 

daytime and nighttime are summarized in Section 3. The global SZA dependent 264 

temperature biases for various sensor types at different geo-graphical regions are also 265 

compared in this section. The inter-seasonal variations of RAOB-RO temperature biases 266 

are assessed in Section 4. We conclude our study in Section 5. 267 

 268 

2. Data and Comparison Method 269 

2.1 RAOB data 270 

  The radiosonde data used in this study were downloaded from CDAAC 271 

(http://cosmic.cosmic.ucar.edu/cdaac/index.html). The data include the temperature, 272 

pressure and moisture profiles generated from the original radiosonde data in the NCAR 273 

data archive (http://rda.ucar.edu/datasets/ds351.0), which provides global radiosonde data 274 

with the detailed instrument type.  275 

There are more than 1100 radiosonde stations globally. Figure 1 depicts the 276 

geophysical locations for all RAOB data from June 2006 to April 2014. These include 277 
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Vaisala RS80, RS90, RS92, AVK-MRZ (and other Russian sondes), VIZ-B2, Shippican 307 

MARK II A, Shanghai (from China), and Meisie (Japan). Table 1 summarizes the 308 

availability for different instrument types. In total, seventeen different types of 309 

radiosonde systems were used. The solar absorptivity (α) and sensor infrared emissivity 310 

(ε) for the corresponding thermocap and thermistor for different instrument types are also 311 

summarized in Table 1.  Most of the radiosonde data are collected twice per day. 312 

Because the Vaisala RS80 sensor was never changed and should be the same 313 

across all RS80 models and the software uses the same radiation correction table which 314 

should not show any differences, we do not further separate Vaisala RS80 sensors (i.e., 315 

ID=37, 52, 61, and 67). For the same reason, all RS92 sensors (ID=79, 80, 81) are 316 

summarized together and all Russian sensors (ID=27, 75, 88, 89, 58) are summarized as 317 

AVK sonde (see Table 2 and Section 3.1). 318 

 319 

2.2 GPS RO data  320 

The re-processed COSMIC (Version 2013.3520) and Metop-A/GRAS (Version 321 

2016.0120) dry temperature profiles downloaded from UCAR CDAAC 322 

(http://cosmic.cosmic.ucar.edu/cdaac/index.html) are used in this study. With six GPS 323 

receivers on board LEO satellites, COSMIC produced about 1000 to 2500 RO profiles 324 

per day since launch. With one receiver, Metop-A/GRAS produced about 600 RO 325 

profiles per day. The detail inversion procedures of COSMIC Version 2013.3520 and 326 

Metop-A Version 2016.0120 are summarized in http://cdaac-327 

www.cosmic.ucar.edu/cdaac/doc/documents/Sokolovskiy_newroam.pdf. The general 328 

description of CDAAC inversion procedures is detailed in Kuo et al., (2004), and Ho et 329 
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al., (2009a, 2012). In a neutral atmosphere, the refractivity (N) is related to pressure (P in 343 

hPa), temperature (T in K) and the water vapor pressure (e in hPa) according to Smith 344 

and Weintraub (1953):  345 

 346 

             
5

277.6 3.73*10P eN
T T

= +
 .                                                             (1) 347 

 348 

Because in the upper troposphere and stratosphere moisture is negligible, the dry  349 

temperature is nearly equal to the actual temperature (Ware et al., 1996). In this study, we 350 

use RO dry temperature from 200 hPa to 20 hPa to quantify the temperature biases for 351 

different sensor types.  352 

  353 

2.3 Detection of RAOB Temperature Biases Using RO Data over Different 354 

Geographical Regions 355 

       The RO atmPrf data from COSMIC and Metop-A/GRAS were first interpolated into 356 

the mandatory pressure level of the radiosondes (i.e., 200, 150, 100, 50, and 20 hPa). To 357 

account for the possible temporal and spatial mismatches between RO data and RAOBs, 358 

the RO data within 2 hours and 300 km of the radiosonde data were collected for 359 

different ROAB instrument types. These matching criteria are similar to the criteria used 360 

by He2009. However, in contrast to He2009, positions of RO measurements at the 361 

corresponding heights are used in the RAOB-RO ensembles. We compute temperature 362 

differences between RO atmPrf and the corresponding RAOB pairs in the same pressure 363 

level i using the equation   364 

 365 
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ΔT (i, j) = (1 / n)× {TRAOBs=1

s=n
∑ (i, j, s)−TRO (i, j, s)} ,                    (2) 379 

 380 

where j is the index for eighteen instrument type listed in Table 1, and s is the index for 381 

all the matched pairs for each of seventeen instrument types.  382 

In addition, we compare the monthly mean temperature biases ΔTTime
 for the 383 

matched pairs at different geo-graphical regions from  384 

 385 

                ΔT
Time(l,m,k) = TRAOB (l,m,k)−TRO (l,m,k) ,                                         (3) 386 

 387 

where l, m, and k are the indices of the month bin for each vertical grid (l), zone (m) and 388 

month for the whole time series (k = 1 to 95) from June 2006 to April 2014, respectively. 389 

The geographical zones (m) are from USA (m=1), Australia (m=2), Germany (m=3), 390 

Canada (m=4), United Kingdom (m=5), Brazil (m=6), Russia (m=7), China (m=8), and 391 

Japan (m=9), respectively. The standard deviation of the time series is also computed to 392 

indicate the variability of ΔTTime
. In this study, daytime data are from SZA from 0 to 90 393 

degree and nighttime data are from SZA from 90 to 180 degrees. The SZA is computed 394 

from the synoptic launch time and location of sonde station since the time and location of 395 

the sonde at different heights are not available. 396 

 397 

3. Global Mean RAOB Temperature Biases for all Sensor Types Identified by RO 398 

Data  399 

RS92 (ID=79,80,81) data were used in this study. Since 1981, Vaisala RS80 400 
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(from 1981 to 2014), RS90 (from 1995 to 2014), and RS92 have been widely used for 426 

numerical weather prediction (NWP) and atmospheric studies. For many modern 427 

radiosondes (for example RS92) the structural uncertainties are +/- 0.2 K below 100 hPa 428 

and somewhat higher at higher levels. While the Vaisala data have been corrected for 429 

possible radiation errors (see RS92 Data Continuity link under the Vaisala website), some 430 

radiation corrections were also made for other sensor types, although they may not be 431 

clearly indicated in the Metadata files. We quantify the global mean residual radiation 432 

correction biases for all sensor types in this section.  433 

 434 

3.1 The RAOB Temperature Biases during the Daytime and Nighttime for All Senor 435 

Types 436 

In total, we have more than 600,000 RAOB-RO pairs. Using Eq. (2), we compute 437 

the temperature biases of radiosonde measurements for each individual sensor type. The 438 

mean temperature bias for ensembles of the RAOB-RO pairs from June 2006 to April 439 

2014 for the layer between 200 hPa and 20 hPa for different RAOB sensor types is 440 

summarized in Table 2. The standard deviations for each radiosonde type are also shown. 441 

The radiosonde temperature biases vary for different sensor types. All biases are less than 442 

0.25 K, except for AVK and VIZ-B2, which reach 0.66 and 0.71 K respectively during 443 

the day. 444 

 The solar radiation effect on sensors is the dominant error source of RAOB 445 

temperature biases (Luers et al., 1998 and He2009). We assume that all operational data 446 

have a radiation correction already applied. The global temperature biases relative to the 447 

co-located RO temperature at 50 hPa for various radiosonde sensor types for daytime and 448 
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nighttime are shown in Figure 2. Only those stations containing more than 50 RO-ROAB 468 

pairs are plotted. Figure 2a shows biases for different sensor types, which vary with 469 

geographical region. Most of the sensor types contain positive temperature biases ranging 470 

from 0.1 to 0.5 K during the daytime. This bias during daytime may be a result of the 471 

residual error of the systematic radiation bias correction. Although we only include 472 

stations containing more than 50 RO-RAOB pairs, some level of heterogeneity (i.e., Fig. 473 

2a over Brazil) may be due to low sample numbers. For example, stations with 474 

temperature biases larger than 0.5 K in eastern Brazil contain only about 60 RO-RAOB 475 

pairs. The cause of the heterogeneity in temperature bias between North and South China 476 

is not certain at this point. 477 

The mean nighttime biases are very different from those in the daytime for the 478 

same sensors. Figure 2b shows that most of the sensor types show a cold bias at night 479 

except for Vaisala in South American, Australia, and Europe. The mean biases at night 480 

for the two sonde types with the largest warm bias at daytime (AVK and VIZ-B2) are 481 

equal to -0.06 K and -0.42 K, respectively (Table 2). The scatter of ΔT is similar for all 482 

sonde types during the day and night with standard deviations between 1.50 K and 1.71 K 483 

(Table 2).  484 

   The global mean ΔT for the Vaisala RS92 of 0.16 K during the comparison 485 

period is slightly larger than the temperature comparison between COSMIC and Vaisala 486 

RS92 in 2007 (Ho et al., 2010b) (~0.01 K) and in He2009 (~0.04 K from ~200 hPa to 50 487 

hPa). This could be in part because more RS92-RO pairs from lower solar zenith angle 488 

regions (for example, from the southern Hemisphere and near Tropics, see Section 3.2) 489 

are included after 2007 (see section 4).  490 
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 522 

3.2 Solar Zenith Angle Dependent Temperature Biases for Vaisala Sondes    523 

More than 50% of RAOB data are from Vaisala sondes, from a number of 524 

different countries. In total, 161,019 RS92 (ID=79, 80, 81) ensemble pairs are distributed 525 

in all latitudinal zones during the daytime. To quantify a possible residual radiation 526 

correction error for Vaisala RS92 measurements in the lower stratosphere, which may 527 

vary with SZA, we compare the mean temperature differences from 200 hPa to 20 hPa 528 

for daytime and nighttime over different regions in Figures 3 and 4, respectively.  529 

Figure 3 indicates that RS92 in different regions demonstrate a similar quality in 530 

terms of mean differences from RO with a small warm bias above 100 hPa, as well as 531 

similar standard deviations relative to the mean biases of approximately 1.5K. Because 532 

some stations in the United States are only interested in the tropospheric profiles and use 533 

smaller balloons, fewer RO-RS92 samples are available above 70 hPa compared to those 534 

in other countries.  535 

Figure 4 depicts the mean RS92-RO temperature differences from 200 hPa to 20 536 

hPa for nighttime. The nighttime RS92 data over different regions show similar standard 537 

deviations of about 1.5 K compared to those at daytime. In most of the regions, the mean 538 

nighttime temperature biases are similar to those in the daytime results, with small (0.1-539 

0.2 K) warm biases above 100 hPa. These residual nighttime warm biases are not seen in 540 

the ROAB-RO ensemble pairs for Sippican MARK, VIZ-B2, AVK, and Shanghai Sondes 541 

(see Section 3.3). This 0.1 K – 0.2 K warm bias for RS92 at night could be due to 542 

calibration of the RS92 temperature sensor (see Dirksen et al., 2014).  543 

Because the quality of RO temperature is not affected by sunlight, the small but 544 
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obvious geographic-dependent biases are most likely due to the residual radiation 615 

correction for RS92 and when and how different countries apply the radiation correction 616 

(see Section 4.1).  617 

To consider a possible SZA dependence of the temperature bias due to residual 618 

radiation errors for Vaisala RS92, we bin the computed temperature differences in 5-619 

degree bins at each of the ROAB mandatory pressure levels above 200 hPa using all the 620 

RAOB-RO ensembles. Figure 5 depicts the temperature biases at 50 hPa as function of 621 

SZA in six regions. Only those bins that contain more than 50 RAOB-RO pairs are 622 

included. Zero SZA is at noon and 90 degrees SZA corresponds to sunrise or sunset. 623 

Figure 5 shows that the daily mean difference varies from 0.09 K (Canada) to 0.31 K 624 

(Brazil), with a slightly larger warm bias for low SZA (near noon) than that at higher 625 

SZA (late afternoon and in the night).  626 

 627 

3.3 Temperature Biases for Sippican MARK, VIZ-B2, AVK-MRZ, and Shanghai 628 

Sondes 629 

Unlike Vaisala sondes, which are distributed in almost all latitudinal zones, other 630 

sonde types are distributed mainly in the northern mid-latitudes. Fig. 6 depicts the mean 631 

temperature differences from 200 hPa to 20 hPa in the daytime for Sippican, VIZ-B2,  632 

AVK, and Shanghai. The biases for VIZ-B2 and AVK-MRZ are positive everywhere 633 

above 200 hPa, with means of about 0.7K. The biases are smaller for Sippican and 634 

Shanghai. These mean biases are similar to those from He2009. The small differences 635 

between these and He2009 results are likely due to the sampling differences between 636 

He2009 (August 2006 to February 2007, or 7 months) and this study (95 months). 637 
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Fig. 7 depicts the mean temperature differences from 200 hPa to 20 hPa in the 688 

nighttime also for Sippican, VIZ-B2, AVK-MRZ, and Shanghai. The nighttime biases are 689 

generally less than 0.1K except from VIZ-B2 above 100 hPA where they exceed 0.5K. 690 

The small positive values for VIZ-B2 and AVK-MRZ, which were present in the daytime 691 

(Fig. 6) are not present during the night (Fig. 7) 692 

        We also bin the temperature differences for these four sonde types in 5-degree SZA 693 

bins for each mandatory pressure levels above 200 hPa using all the RAOB-RO pairs 694 

from June 2006 to April 2014. Only those bins contains more than 50 RAOB-RO pairs 695 

are included. Figure 8 depicts the differences at 50 hPa as a function of SZA for Sippican 696 

MARK, VIZ-B2, AVK-MRZ, and Shanghai.  697 

       The VIZ-B2 sonde has a large warm bias (as high as 1.75 K) during daytime and a 698 

cold bias (as low as -0.8K) at night. AVK has a bias from about 0.7 K to 1.1 K in the 699 

daytime where its nighttime biases are close to zero. The mean biases for the Sippican 700 

and Shanghai sondes show less diurnal variation and are 0.08 and -0.17 K respectively.  701 

 702 

4. Comparison of the Seasonal RAOB Temperature Biases in different Regions 703 

Since there is some residual radiation error, we characterize the long-term 704 

stability of RAOB temperature measurements for different RAOB sensor types by 705 

quantifying their seasonal temperature biases relative to those of co-located RO data.   706 

 707 

4.1 Identification of RS92 Temperature Biases due to Change of Radiation 708 

Correction 709 

The Vaisala RS92 radiosonde was introduced in 2003 and is scheduled to be 710 

replaced by the Vaisala RS41 in 2017. Vaisala included a reinforcement of the RS92 711 
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sensor in 2007, which impacted the radiation error. To account for this sensor update, the 763 

radiation correction tables were updated in 2011 (RSN2010, software version 3.64), 764 

which is used to replace the original radiation correction table. Between 200 and 20 hPa, 765 

the correction in RSN2010 is about 0.1 K larger than in RSN2005 (see 766 

http://www.vaisala.com/en/products/soundingsystemsandradiosondes/soundingdatacontin767 

uity/RS92DataContinuity/Pages/revisedsolarradiationcorrectiontableRSN2010.aspx). It is 768 

likely that each country updated the correction table for their entire network. However, 769 

when exactly each country implemented these updated tables is unknown.  770 

To identify possible RS92 temperature biases due to changes of the radiation 771 

correction table (i.e., RSN2010), we compare the mean ΔT from January 2007 to 772 

December 2010 to those from January 2011 to April 2014 over the United States, 773 

Australia, Germany, Canada, United Kingdom, and Brazil (Figs. 9a-f). There is no 774 

consistent pattern of differences in these two periods over the six regions, with mean 775 

differences ranging from -0.122 K (Australia) to 0.047 K (United States). The small 776 

differences in profile shapes and magnitudes are an indication of the magnitude of the 777 

uncertainty in RS92 temperatures due to differences in implementing the radiation 778 

correction tables. 779 

The Deutscher Wetterdienst (DWD), Germany’s Meteorological Service, 780 

implemented the updated radiation correction for the Vaisala RS92 in the spring of 2015 781 

rather than 2011, to avoid inconsistencies with corrections already implemented in their 782 

data assimilation system. This may in part explain the greater consistency of ΔT over 783 

Germany for these two time periods than over other countries.  This also indicates the 784 

importance of establishing traceability through careful documentation and metadata 785 
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tracking, which is especially important for using radiosonde data in climate studies. The 822 

relatively small temperature difference between these two periods over the United States 823 

is most likely a statistical artifact due to the very small number of coincidences in this 824 

period.  825 

 826 

4.2 Time Series and trends of de-seasonalized radiosonde-RO differences 827 

In this section we look at time series and trends in the de-seasonalized radiosonde-828 

RO temperature differences from 2007 to 2014 in order to determine the long-term 829 

stability of these differences. Ideally, if both radiosondes and RO were free of biases, the 830 

time series would be stable and show small differences near zero with small standard 831 

deviations and no trends. We choose 50 hPa for showing these time series because the 832 

biases tend to be larger at this level than at lower levels. We also computed time series 833 

for 150 hPa, but except for lower biases, the results were similar to those at 50 hPa (not 834 

shown). 835 

Figure 10 shows daytime and nighttime time series of monthly mean temperature 836 

biases at 50 hPa for Vaisala RS92 for the United States, Australia, Germany, Canada, 837 

United Kingdom, and Brazil. Table 3 summarized the mean and std of the monthly mean 838 

temperature differences for RS92 and RO at 50 hPa. Fig. 10 indicates that there is little 839 

variation over time in the monthly mean temperature differences at 50 hPa in all six 840 

regions, with little difference between day and night values. The magnitudes of the mean 841 

biases range from -0.01 K for Canada to over 0.2 K in Australia, Germany and Brazil. 842 

The standard deviations range from a low of 0.18 K (Australia, day) to a high of 0.46 K 843 

(United States, night). The small (less than 0.5 K) standard deviation for RS92 over 844 
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daytime and nighttime over these six regions demonstrates the long-term stability of 850 

RS92 data. 851 

Figure 11 shows the daytime and nighttime time series of monthly mean 852 

temperature biases for each of the other sensor types at 50 hPa in North hemisphere mid-853 

latitude (60°N-20°N) are also summarized in Table 4, respectively. All daytime biases 854 

are below 0.25 K in magnitude, except for Russia (0.8 K) and VIS-B2 (0.87 K). The 855 

magnitudes of the mean nighttime biases are all less 0.25 K except for VIS-B2, which is -856 

0.56 K. The daytime biases for Russia and VIS-B2 contain obvious inter-seasonal 857 

variation.   858 

Figure 12 shows daytime and nighttime time series of monthly mean de-859 

seasonalized temperature biases at 50 hPa for Vaisala RS92 for the United States, 860 

Australia, Germany, Canada, United Kingdom, and Brazil. Table 3 summarizes the trends 861 

of the de-seasonalized temperature differences, and shows the de-seasonalized trends in 862 

RO temperatures for comparison. The root mean square (RMS) of the de-seasonalized 863 

time series (RMS of difference) in Table 3 indicates the trend uncertainty of the time 864 

series.  865 

The de-seasonalized temperature differences are computed from 866 

 867 

ΔT Deseason (l,m,k) = TRAOB (l,m,k)−T
Time(l,m,k ' ) ,                                    (4) 868 

 869 

where l, m, and k are the indices of the month bin for each layer (l), zone (m) and month 870 

for the whole time series (k = 1 to 95), respectively, and 

€ 

k ' is the index of the month bin 871 

of the year (

€ 

k '  =1 to 12). TTime(l,m,k ' )  is the mean RO temperature co-located for 872 
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different sensor types for each level (l), zone (m), and averaged over all available years 873 

for a particular month (

€ 

k '). Note that because the period of available measurements for 874 

each of the sensor types is different, the months used to compute TTime(l,m,k ' )  may vary 875 

for different sensor types.  876 

Fig. 12 indicates the de-seasonalized trends in daytime temperature differences 877 

are within ±0.26 (K/ 5yrs, see Table 3). The greatest magnitudes of the trends are 0.232 878 

K/5 yrs and 0.264 K/5 yrs over Canada and United Kingdom respectively. These larger 879 

de-seasonalized trends may be a result of incomplete daytime radiation corrections 880 

applied in these regions in 2007-2010 and 2011-2014 (Fig. 9). The largest nighttime de-881 

seasonalized trend is in the United States (-0.211 K/5 yrs). 882 

The de-seasonalized trends in RO temperatures are generally larger than those for 883 

the radiosonde-RO differences. A maximum de-seasonalized trend of 1.143 K/5 yrs is 884 

found for nighttime temperatures over the United Kingdom. A minimum de-seasonalized 885 

trend of -0.69 K/5 yrs is found for daytime temperatures over Canada. Trends with 886 

magnitude greater than 0.5 K/5 yrs are found over the United States, Germany, Canada 887 

and the United Kingdom. The fact that these de-seasonalized trends in RO are 888 

significantly greater than the de-seasonalized trends in the differences suggests that they 889 

represent a physical signal in these regions. However, the time series is too short to 890 

represent a long-term climate signal; instead these likely represent real but short-term 891 

trends associated with natural variability. A long-term (de-seasonalized) trend in 892 

temperature at this level associated with global warming (stratospheric cooling) might be 893 

approximately -0.1 to -0.2 K/decade or -0.05 to -0.1 K/5 years (Randel et al., 2016). 894 

Trends reported in this paper for the Vaisala RS92 radiosonde at 50 hPa (Table 3) range 895 
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from -0.211 K/5 years (U.S., night) to 0.264 K/5 years (United Kingdom, day), which are 896 

comparable to those reported by Randel et al., (2016). 897 

We compare the global trend of radiosonde – RO temperature differences for the 898 

Vaisala and other radiosondes at 50 hPa in Table 4. The Vaisala RS92 biases are 0.22 K 899 

(day) and 0.12 K (night). The global de-seasonalized temperature differences for Vaisala 900 

RS92 for daytime and nighttime are equal to 0.074 K/5yrs and -0.094 K/5yrs, 901 

respectively. The 95% confidence intervals for slopes are shown in the parentheses in 902 

Table 4. This indicates that although there might be a small residual radiation error for 903 

RS92, the trend in RS92 and RO temperature differences from June 2006 to April 2014 is 904 

within +/-0.09 K/5yrs globally. These values are just above the 1-sigma calibration 905 

uncertainty estimated by Dirksen et al. (2014). This means that probably the stability of 906 

the calibration alone could explain most of this very small trend. It is also consistent with 907 

the change in radiation correction.  908 

Figure 13 depicts the de-seasonalized temperature differences for Sippican 909 

MARK IIA, VIZ-B2, AVK-MRZ, and Shanghai in North hemisphere mid-latitude 910 

(60°N-20°N) at 50 hPa and the results are summarized in Table 4. The 95% confidence 911 

intervals for slopes are shown in the parentheses in Table 4. The de-seasonalized trend of 912 

the daytime differences varies from -0.137 K/5 years (Russia) to 0.468 K/5 years (VIZ-913 

B2). The magnitudes of the daytime trends are less than 0.2 K/5 yrs for all sensor types 914 

except for VIZ-B2 and Sippican, both of which exceed 0.4 K/5 yrs. These are much 915 

larger than those of the Vaisala RS92 (0.074 K/5 yrs).  916 

The corresponding nighttime de-seasonalized trends in the biases vary from -917 

0.348 K/5 yrs (VIZ-B2) to 0.244 K/5 yrs (Sippican). Again, these are much larger than 918 
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those of Vaisala RS92 (-0.094 K/5 yrs). Thus the VIZ-B2 sensor stands out as having 919 

larger biases and trends than do the other sensors. 920 

 921 

5. Conclusions and Future Work  922 

In this study, we used consistently reprocessed GPS RO temperature data to 923 

characterize radiosonde temperature biases and the inter-seasonal and inter-annual 924 

variability of these biases in the upper troposphere and lower stratosphere for different 925 

radiosonde types. We reach the following conclusions.  926 

1. Solar zenith angle dependent biases: The solar radiative effect on different sensors 927 

is the dominant error source of RAOB temperature biases during daytime. With the 928 

consistent precision of RO temperature data between COSMIC and Metop-A, we are able 929 

to identify the mean temperature biases from the 200 hPa to 20 hPa layer among older 930 

sensors (i.e., Vaisala RS80 sensors), and new sensors (i.e., RS92 sensors), and the  931 

daytime and nighttime biases for the same sensor types which are usually distributed in 932 

the same countries (i.e., Shanghai sensor in China, AVK in Russian, VIZ-B2 in in United 933 

Stated). Because the quality of RO temperature is not affected by sunlight, those 934 

daytime/nighttime biases mainly originate from uncorrected radiation biases for each 935 

individual sensor types. Most of the sensor types contain positive temperature biases 936 

ranging from 0.1 to 0.5 K during the daytime. Among all the sensors, the Vaisila RS92 937 

has the smallest temperature biases. The daytime mean RS92 bias is about 0.1 K to 0.3 K 938 

globally, which is statistically insignificant. The bias of the AVK (Russian) sonde is as 939 

large as 0.8 K, which is statistically significant. Most of the sensor types show a cold bias 940 

at night, where the AVK and VIZ-B2 biases are as large as -0.22 K and -0.54 K, 941 
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respectively.  973 

2. Residual solar zenith angle dependent biases: After applying the solar radiation 974 

correction, most of the RS92 daytime biases are removed. However, a small residual 975 

radiation bias for RS92 remains, which varies with different geographical region or 976 

operating organization. Similar to the results of He2009 and Sun et al., (2010, 2013), we 977 

find that there exists a small SZA dependent biases among different sensor types. The 978 

global mean residual temperature biases for RS92 from SZA 0 to 45 degrees at 20 hPa, 979 

50 hPa, and 150 hPa are approximately 0.3 K, 0.15 K, and 0.05 K, respectively. These 980 

biases are less than the uncertainty described in Dirksen et al., (2014).  981 

3. Changes of the radiation correction and RAOB temperature uncertainty due to 982 

when and how the radiative correction was implemented: the correction for RSN2010 is 983 

about 0.1 K higher than those from RSN2005. To identify the possible RS92 temperature 984 

biases due to changes of radiation correction table, we compared the mean RS92 985 

temperature differences from January 2007 to December 2010 to those from January 986 

2011 to April 2014. Results show that there are no obvious changes between these two 987 

periods over the United States and Germany at 20 hPa. However, the daytime 988 

temperature differences over Australia, Canada, United Kingdom, and Brazil show 989 

changes close to 0.1 K to 0.15 K varying at different heights. Changing sensors 990 

independently of the appropriate radiation correction introduces extra uncertainties of the 991 

RS92 trends. The relatively small temperature difference between these two periods over 992 

the United States is most likely a statistical artifact due to the small number of 993 

coincidences in this period. The relatively small temperature difference between these 994 

two periods over the Germany may be because the DWD implemented the updated 995 
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radiation correction for the Vaisala RS92 in the spring of 2015 rather than 2011, to avoid 1019 

inconsistencies with corrections already implemented in their data assimilation system. 1020 

This also indicates the importance of establishing traceability through careful 1021 

documentation and metadata tracking, which is especially crucial for radiosonde data 1022 

used in climate studies.  1023 

4.  We used time series of RAOB-RO differences to indicate the long-term stability 1024 

for each sonde type. The uncertainties are from the combined effects of i) uncorrected 1025 

solar zenith angle dependent biases, ii) change of radiation correction, iii) when and how 1026 

the radiation correction was implemented, and iv) small samples used in the time series 1027 

and trend analysis. Results show that the time series of the RS92 differences at all regions 1028 

are, in general, stable in time with a small day-night difference in each region. Other 1029 

sensors have much larger variation than those of Vaisala RS92.  1030 

5. We found that the variation of mean radiosonde-RO temperature differences in  1031 

different regions is closely related to the corresponding variation of SZA, especially for 1032 

VIZ-B2 and AVK-MRZ during the daytime. The Sippican MARK IIA over the United 1033 

States and the Shanghai sondes do not show significant seasonal variation. The de-1034 

seasonalized trend in RS92 and RO differences from June 2006 to April 2014 is within 1035 

+/-0.09 K/5yrs globally. The trend of de-seasonalized daytime temperature differences 1036 

for Sippican, VIZ-B2, Russia AVK, and Shanghai are much larger than those of RS92. 1037 

Overall, the Vaisala RS92 radiosondes show a quality and stability that make them 1038 

suitable for use in long-term climate trend studies. 1039 

Note that the analyses we performed here do not include other error sources (i.e., 1040 

cloud radiative effect, ventilation, and sensor orientation, meta data errors) mentioned by 1041 
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Dirksen et al., (2014). Since it is not possible to investigate these errors, we assume these 1088 

errors introduce more or less random errors when a relative large sample is used. In 1089 

addition, although RO derived dry temperature data are not directly traceable to the 1090 

international standard of units (SI traceability), it has been shown that the high precision 1091 

nature of the basic RO observations of time delay and bending angle are preserved 1092 

through the inversion procedures (Ho et al., 2009a, 2011). This makes RO-derived dry 1093 

temperature uniquely useful for assessing the radiosonde temperature biases and their 1094 

long-term stability including the seasonal and inter-annual variability in the lower 1095 

stratosphere. Results from this study also demonstrate the potential usage of RO data to 1096 

identify RAOB temperature biases for different sensor types.  1097 
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	Figure Captions 1254 

 1255 
Figure 1. Global distribution of radiosonde stations colored by radiosonde types. 1256 
Radiosonde types updated from June 2006 to April 2014 are used. The percentage of 1257 
each type of radiosonde used among all stations is listed. For those stations that 1258 
radiosonde types are changed during this period, the latest updated radiosonde type is 1259 
used in this plot. Vaisala RS92 ship observations contain less than 3% of the total RS92 1260 
profiles.   1261 
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 1264 
Figure 2. Mean RAOB-RO temperature biases at 50 hPa for the RAOB-RO ensembles 1265 
from June 2006 to April 2014 for a) daytime, and b) nighttime. Only those stations 1266 
containing more than 50 RO-RAOB pairs are plotted. 1267 
 1268 
Figure 3. Comparisons of temperature between RS92 and RO for daytime over a) United 1269 
States, b) Australia, c) Germany, d) Canada, e) United Kingdom, and f) Brazil. The red 1270 
line is the mean difference; the black line is the standard deviation of the mean difference; 1271 
the dotted line is the sample number. The top X axis shows the sample number. The same 1272 
symbols are also used for the following plots. We also plot the standard error of the mean 1273 
(black dot) superimposed on the mean. The value of the standard error of the mean is less 1274 
than 0.03 K depending on the sample numbers. 1275 
 1276 
 1277 
Figure 4. Comparisons of temperature between RS92 and RO for nighttime over a) 1278 
United States, b) Australia, c) Germany, d) Canada, e) United Kingdom, and f) Brazil.   1279 
 1280 
Figure 5.  The mean temperature biases (RS92 minus RO) at 50 hPa varying for SZA 1281 
from 0 degrees to 180 degrees for a) United States, b) Australia, c) Germany, d) Canada, 1282 
e) United Kingdom, and f) Brazil. The red cross is the mean difference for each 5 SZA 1283 
bins; the red vertical line is the standard deviation of error defined as standard deviation 1284 
divided by sample numbers; the vertical red lines superimposed on the mean are the 1285 
standard error of the mean; the black line to indicate zero mean; the blue dash line is the 1286 
sample number. The right Y axis shows the sample number. Only bins for more than 50 1287 
RAOB-RO pairs are plotted.  1288 
 1289 
Figure 6. Comparisons of temperature between radiosonde and RO during the daytime 1290 
for a) Sippican over United States minus RO, b) VIZ-B2 over United States minus RO, c) 1291 
Russian Sonde minus RO, d) Shanghai minus RO.   1292 
 1293 
Figure 7. Comparisons of temperature between radiosonde and RO during the nighttime 1294 
for a) Sippican over United States minus RO, b) VIZ-B2 over United States minus RO, c) 1295 
Russian Sonde minus RO, d) Shanghai minus RO.   1296 
 1297 
Figure 8.  The mean temperature biases at 50 hPa varying for SZA from 0 degrees to 180 1298 
degrees for a) Sippican over United States minus RO, b) VIZ-B2 over United States 1299 
minus RO, c) Russian Sonde minus RO, d) Shanghai minus RO.  Only bins for more than 1300 
50 RAOB-RO pairs are plotted.  1301 
 1302 
Figure 9. The temperature differences between RS92 – RO from January 2007 to 1303 
December 2010 (ΔT (RS92200701-201012) and those from January 2011 to December 2015 1304 
(ΔT (RS92201101-201512) over a) United States, b) Australia, c) Germany, d) Canada, e)  1305 
United Kingdom, and f) Brazil. 1306 
 1307 
Figure 10. The time series of monthly mean temperature differences to RO at 50 hPa for 1308 
RS92 for a) United States, b) Australia, c) Germany, d) Canada, e) England, and f) Brazil. 1309 
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 30 

The red cross is the mean difference for RS92 minus RO temperature at 50 hPa during 1317 
the daytime and the blue cross is for that during the nighttime; the vertical lines 1318 
superimposed on the mean values are the standard error of the mean for daytime and 1319 
nighttime, respectively; the back line indicates zero temperature bias; the pink/green dash 1320 
line is the sample number for the daytime and nighttime, respectively. The right Y axis 1321 
shows the sample number. The same symbols are also used for the following plots. 1322 
 1323 
Figure 11. The time series of temperature difference in 50 hPa for a) Sippican over 1324 
United States minus RO, b) VIZ-B2 over United States minus RO, c) Russian Sonde 1325 
minus RO, d) Shanghai minus RO in the North hemisphere mid-latitude (60°N-20°N).   1326 
 1327 
Figure 12. The time series of de-seasonalized temperature differences at 50 hPa for RS92 1328 
for a) United States, b) Australia, c) Germany, d) Canada, e) United Kingdom, and f) 1329 
Brazil. The red cross is the mean difference for RS92 minus RO temperature at 50 hPa 1330 
during the daytime and the blue cross is for that during the nighttime; the vertical lines 1331 
superimposed on the mean values are the standard error of the mean for daytime and 1332 
nighttime, respectively. The number of the monthly RAOB-RO pairs for daytime is 1333 
indicated by the pink dashed line and that for nighttime by the green dashed line. The 1334 
vertical lines superimposed on the monthly mean are the standard errors of the mean.  1335 
Day and night trends are shown by solid red and blue lines respectively. The zero 1336 
difference is indicated by the dashed black line. The 95% confidence intervals for slopes 1337 
are shown in the parentheses. The right Y axis shows the sample number. The same 1338 
symbols are also used in Fig. 13. 1339 
 1340 
Figure 13. The time series of de-seasonalized temperature differences at 50 hPa for a) 1341 
Sippican over United States minus RO, b) VIZ-B2 over United States minus RO, c) 1342 
Russian Sonde minus RO, d) Shanghai minus RO in the North hemisphere mid-latitude 1343 
(60°N-20°N). The 95% confidence intervals for slopes are shown in the parentheses. 1344 
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 1414 
 1415 
Figure 1. Global distribution of radiosonde stations colored by radiosonde types. 1416 
Radiosonde types updated from June 2006 to April 2014 are used. The percentage of 1417 
each type of radiosonde used among all stations is listed. For those stations that 1418 
radiosonde types are changed during this period, the latest updated radiosonde type is 1419 
used in this plot. Vaisala RS92 ship observations contain less than 3% of the total RS92 1420 
profiles.   1421 
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 1443 

 1444 
 1445 
Figure 2. Mean RAOB-RO temperature biases at 50 hPa for the RAOB-RO ensembles 1446 
from June 2006 to April 2014 for a) daytime, and b) nighttime. Only those stations 1447 
containing more than 50 RO-ROAB pairs are plotted. 1448 
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 1455 
 1456 
 1457 
 1458 
 1459 
 1460 

 1461 
 1462 
 1463 
Figure 3. Comparisons of temperature between RS92 and RO for daytime over a)  1464 
United States, b) Australia, c) Germany, d) Canada, e) United Kingdom, and f) Brazil. 1465 
The red line is the mean difference; the black line is the standard deviation of the mean 1466 
difference; the dotted line is the sample number. The top X axis shows the sample 1467 
number. The same symbols are also used for the following plots. We also plot the 1468 
standard error of the mean (black dot) superimposed on the mean. The value of the 1469 
standard error of the mean is less than 0.03 K depending on the sample numbers. 1470 
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 1495 
Figure 4. Comparisons of temperature between RS92 and RO for nighttime over a)  1496 
United States, b) Australia, c) Germany, d) Canada, e) United Kingdom, and f) Brazil.   1497 
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 1511 
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 1519 

 1520 
 1521 
Figure 5.  The mean temperature biases (RS92 minus RO) at 50 hPa varying for SZA 1522 
from 0 degrees to 180 degrees for a) United States, b) Australia, c) Germany, d) Canada, 1523 
e) United Kingdom, and f) Brazil. The red cross is the mean difference for each 5 SZA 1524 
bins; the red vertical line is the standard deviation of error defined as standard deviation 1525 
divided by sample numbers; the vertical red lines superimposed on the mean are the 1526 
standard error of the mean; the black line to indicate zero mean; the blue dash line is the 1527 
sample number. The right Y axis shows the sample number. Only bins for more than 50 1528 
RAOB-RO pairs are plotted.  1529 
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 1545 
 1546 
 1547 
Figure 6. Comparisons of temperature between radiosonde and RO during the daytime 1548 
for a) Sippican over United States minus RO, b) VIZ-B2 over United States minus RO, c) 1549 
Russian Sonde minus RO, d) Shanghai minus RO.   1550 
 1551 
 1552 
 1553 
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 1555 
 1556 
Figure 7. Comparisons of temperature between radiosonde and RO during the nighttime 1557 
for a) Sippican over United States minus RO, b) VIZ-B2 over United States minus RO, c) 1558 
Russian Sonde minus RO, d) Shanghai minus RO.   1559 
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 1580 
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 1584 
 1585 
Figure 8.  The mean temperature biases at 50 hPa varying for SZA from 0 degrees to 180 1586 
degrees for a) Sippican over United States minus RO, b) VIZ-B2 over United States 1587 
minus RO, c) Russian Sonde minus RO, d) Shanghai minus RO.  Only bins for more than 1588 
50 RAOB-RO pairs are plotted.  1589 
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 1608 
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 1610 

 1611 
 1612 
Figure 9. The temperature differences between RS92 – RO from January 2007 to 1613 
December 2010 (ΔT (RS92200701-201012) and those from January 2011 to December 2015 1614 
(ΔT (RS92201101-201512) over a) United States, b) Australia, c) Germany, d) Canada, e)  1615 
United Kingdom, and f) Brazil. 1616 
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 1635 
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 1637 
 1638 
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 1642 
 1643 
Figure 10. The time series of monthly mean temperature differences to RO at 50 hPa for 1644 
RS92 for a) United States, b) Australia, c) Germany, d) Canada, e) United Kingdom, and 1645 
f) Brazil. The red cross is the mean difference for RS92 minus RO temperature at 50 hPa 1646 
during the daytime and the blue cross is for that during the nighttime; the vertical lines 1647 
superimposed on the mean values are the standard error of the mean for daytime and 1648 
nighttime, respectively; the back line indicates zero temperature bias; the pink/green dash 1649 
line is the sample number for the daytime and nighttime, respectively. The right Y axis 1650 
shows the sample number. The same symbols are also used for the following plots. 1651 
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 1663 
 1664 
 1665 
 1666 
Figure 11. The time series of temperature difference in 50 hPa for a) Sippican over 1667 
United States minus RO, b) VIZ-B2 over United States minus RO, c) Russian Sonde 1668 
minus RO, d) Shanghai minus RO in the North hemisphere mid-latitude (60°N-20°N).   1669 
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 1691 
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 1693 
 1694 

 1695 
Figure 12. The time series of de-seasonalized temperature differences at 50 hPa for RS92 1696 
for a) United States, b) Australia, c) Germany, d) Canada, e) United Kingdom, and f) 1697 
Brazil. The red cross is the mean difference for RS92 minus RO temperature at 50 hPa 1698 
during the daytime and the blue cross is for that during the nighttime; the vertical lines 1699 
superimposed on the mean values are the standard error of the mean for daytime and 1700 
nighttime, respectively. The number of the monthly RAOB-RO pairs for daytime is 1701 
indicated by the pink dashed line and that for nighttime by the green dashed line. The 1702 
vertical lines superimposed on the monthly mean are the standard errors of the mean.  1703 
Day and night trends are shown by solid red and blue lines respectively. The zero 1704 
difference is indicated by the dashed black line. The 95% confidence intervals for slopes 1705 
are shown in the parentheses. The right Y axis shows the sample number. The same 1706 
symbols are also used in Fig. 13. 1707 
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 1725 
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 1727 
 1728 

 1729 
 1730 
Figure 13. The time series of de-seasonalized temperature differences at 50 hPa for a) 1731 
Sippican over United States minus RO, b) VIZ-B2 over United States minus RO, c) 1732 
Russian minus RO, d) Shanghai minus RO in the North hemisphere mid-latitude (60°N-1733 
20°N). The 95% confidence intervals for slopes are listed in the parentheses. 1734 
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 1768 
 1769 
Table 1. Summary of the availability for different instrument types and their solar 1770 
absorptivity (α) and sensor infrared emissivity (ε) for the corresponding thermocap and 1771 
thermistor and the sample number of RAOB-RO pairs used in this study from June 2006 1772 
to April 2014. 1773 

 1774 

 1775 
 ID Sensor type Availability Solar 

absorptivity 
Infrared 
emissivity 
 

Number of RO-
RAOB pairs 

RS80 37 Bead 
thermocap 1981~ 2014 0.15[Luers and 

Eskridge, 1998] 
0.02 1624 

Vaisala RS80-57H 52 Bead 
thermocap 

early 1990s 
[Redder et 
al., 2004] ~ 
Jul 2012 

0.15 0.02 

13192 

Vaisala RS80/Loran 61 Bead 
thermocap ~ 2014 0.15 0.02 11591 

Vaisala 
RS80/Digicora III 

67 Bead 
thermocap ~ 2012 0.15 0.02 2864 

Vaisala 
RS90/Digicorn I, II 

71 Thin wire F-
thermocap 
[Sun et al., 
2010] 

1995 ~ 2014 

0.15[Luers, 
1997] 

0.02 

18082 

Vaisala 
RS92/Digicora I/II 

79 Thin wire F-
thermocap 
[Sun et al., 
2010] 

2003 ~ 2014 

0.15 0.02 

40478 

Vaisala 
RS92/Digicora III 

80 Thin wire F-
thermocap 2004~2014 0.15 0.02 184542 

Vaisala 
RS92/Autosonde 

81 Thin wire F-
thermocap 2011~2014 0.15 0.02 42577 

AVK-MRZ 27 Rod 
thermistor 
[Sun et al., 
2010] 

~ 2014 

0.2[He et al., 
2009] 

0.04 

48954 

AVK-BAR Russian 58 Rod 
thermistor 2007 ~ 2014 0.2 0.04 26020 

AVK-MRZ 
(Russian) 

75 Rod 
thermistor ~ 2013 0.2 0.04 9472 

MARL-A or 
Vektor-M-MRZ 
(Russian) 

88 Rod 
thermistor ~ 2014 

0.2 0.04 
23326 

MARL-A or Veltor-
M-BAR (Russian) 

89 Rod 
thermistor  ~ 2014 0.2 0.04 25715 

VIZ-B2 51 Rod 
thermistor[S
un et al., 
2010] 

1997[Elliott 
et al., 
2002]~ 2014 

0.15[Luers and 
Eskridge, 1998] 

0.86 

16310 

Sippican MARK II 
A Chip 

87 Chip 
thermistor[S
un et al., 
2010] 

1998[Elliott 
et al., 
2002]~ 2014 

0.07[Luers and 
Eskridge, 1998] 

0.85 

59775 

Shanghai 32 Rod 
thermistor  1998 ~ 2012 <0.07 [Wei, 

2011] 
>0.90 71605 

Meisei Japan 47 Thermistor 
[KOBAYASH
I et al., 
2012] 

 1994 ~ 2013 

0.18[Luers and 
Eskridge, 1998] 

0.84 

7888 
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 1784 
 1785 
 1786 
Table 2.  Mean and standard deviation of temperature differences (K) from the layer from 1787 
200 hPa to 20 hPa between RO and eight types of radiosondea,b. aThe values of standard 1788 
deviations of temperature differences are shown in the parentheses.  bThe sample number 1789 
are for the ROAB-RO pairs available in the same time period.  1790 
 1791 
 1792 
 1793 

	 ID	

All	Day	and	
night	

mean(std)/	
sample	
numbers	

Day	
mean(std)/	
sample	
numbers	

Night	
mean(std)/	
sample	
numbers	

Vaisala	RS80	 37,	52,	61,	
67	

0.10	
(1.54)/29271	

0.10	
(1.53)/15947	

0.09	
(1.55)/13324	

Vaisala	RS90	 71	 0.13	
(1.54)/18082	

0.16	
(1.51)/8758	

0.11	
(1.57)/9324	

Vaisala	RS92	 79,	80,	81	 0.16	
(1.52)/267597	

0.20	
(1.50)/161019	

0.09	
(1.55)/106578	

AVK	 27,	75,	88,	
89,	58	

0.33	
(1.58)/133487	

0.66	
(1.51)/67679	

-0.06	
(1.56)/65808	

VIZ-B2	 51	 0.22	
(1.67)/16310	

0.71	
(1.54)/9246	

-0.42	
(1.60)/7064	

Sippican	MARKIIA	
Chip	 87	 -0.08	

(1.59)/59775	
-0.06	
(1.56)/31230	

-0.10	
(1.62)/28545	

Shanghai	 32	 0.05	
(1.68)/71605	

0.18	
(1.67)/33360	

-0.07	
(1.68)/38245	

Meisei	Japan	 47	 0.11	
(1.69)/7888	

0.03	
(1.71)/3849	

0.19	
(1.66)/4039	

 1794 
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 1799 
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1801 
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  1802 
 1803 
Table 3.  Mean, standard deviation (std) of monthly temperature differences (K), de-1804 
seasonalized trend of temperature differences (K/5yrs), and root mean square (RMS) of 1805 
de-seasonalized RS92-RO temperature difference time series at 50 hPa over United 1806 
States, Australia, Germany, Canada, United Kingdom, and Brazil.  1807 
   1808 

			 United	States	 Australia	 Germany	 Canada	 United	
Kingdom		 Brazil	

			 				Day	 		Night	 				Day	 		Night	 				Day	 		Night	 				Day	 		Night	 				Day			Night	 				Day	 		Night	
Mean	Bias	 0.08	 0.19	 0.22	 0.23	 0.22	 0.21	 -0.06	 -0.01	 0.12	 0.16	 0.35	 0.26	
std	of	Mean	Bias	 0.4	 0.46	 0.18	 0.3	 0.2	 0.24	 0.35	 0.32	 0.39	 0.42	 0.22	 0.43	
De-seasonalized	
Trend	of	Differences	
(K/	5	yrs)	

0.001	 -0.211	 0.167	 -0.083	 -0.016	 -0.135	 0.232	 -0.018	 0.264	 -0.163	 0.118	 -0.104	

De-seasonalized	
Trend	 of	 RO	
Temperature	
(K/5yrs)	

0.941	 0.506	 -0.26	 0.082	 0.29	 0.708	 -0.69	 -0.534	 0.509	 1.143	 -0.076	 -0.354	

RMS	 of	 de-
seasonalized		
difference	

0.365	 0.439	 0.161	 0.275	 0.173	 0.22	 0.276	 0.215	 0.358	 0.392	 0.212	 0.398	

 1809 
 1810 
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 1838 
 1839 
 1840 
 1841 
Table 4.  Mean, standard deviation (std), de-seasonalized trend of temperature differences 1842 
(K/5yrs), and root mean square (RMS) of de-seasonalized time series of temperature 1843 
difference at 50 hPa for global Vaisala (RS80, RS90, and RS92), and other sensor types 1844 
in the North hemisphere mid-latitude (60°N-20°N). The 95% confidence intervals for 1845 
trend of differences are listed in the parentheses. 1846 

 1847 
 1848 
 1849 
 1850 
 1851 
 1852 
 1854 

	 	 Mean	
Bias	

STD	
Of	
MB	

De-seasonalized	Trend	of		
Difference	(k/5yrs)	

RMS	
of	

Difference	

Mean	
Bias	

STD	
Of	
MB	

De-seasonalized	Trend	of		
Difference	(k/5yrs)	

RMS	
of	

Difference	

RS80	 37,52,	
61,67	 0.18	0.29	 0.187	(0.073,0.301)	 0.268	 0.13	 0.33	 0.114(-0.019,0.248)	 0.301	

RS90	 71	 0.16	0.29	 -0.006	(-0.123,0.111)	 0.26	 0.17	 0.38	 0.043(-0.115,0.201)	 0.352	

RS92	 79,80,	
81	 0.22	0.07	 0.074	(0.051,0.097)	 0.062	 0.12	 0.12	 -0.094(-0.131,-0.057)	 0.093	

Russia	
27,75,	
88,89	
58	

0.8	 0.22	 -0.137	(-0.205,-0.068)	 0.164	 -0.03	0.21	 -0.143(-0.218,-0.067)	 0.18	

VIZ-B2	 51	 0.87	0.37	 0.468	(0.358,0.579)	 0.322	 -0.56	0.43	 -0.348(-0.518,-0.177)	 0.386	

Sippican	
MARKIIA	
Chip	

87	 -0.12	0.33	 0.405	(0.304,0.507)	 0.292	 -0.12	0.21	 0.244(0.168,0.320)	 0.197	

Shanghai	 32	 0.1	 0.18	 0.179	(0.081,0.276)	 0.161	 -0.2	 0.17	 -0.015(-0.120,0.090)	 0.159	

Meisei	
Japan	 47	 0.07	0.69	 0.006	(-0.353,0.365)	 0.619	 0.05	 0.51	 -0.086(-0.369,0.197)	 0.494	
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Over oceans, Vaisala RS92 launched from ships were also used (see Figure 1).  
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 calculated.  

In general, the radiosonde temperature biases vary for different sensor types. The 

mean ΔT for RS92 (0.16 K), RS80 (0.10 K), RS90 (0.13 K), Sippican MarkIIA (-0.08 K), 

Shangai (0.05 K) and Meisei (0.11 K) are smaller than those for AVK (0.33 K) and VIZ-

B2 (0.22 K) (see Table 2).  
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Although we only include those stations containing more than 50 RO-RAOB 

pairs, some levels of heterogeneity (i.e., Fig. 2a over Brazil) may be, in part, due to lower 

sampling numbers. For example, those stations with temperature biases larger than 0.5 K 

in the east Brazil contain only about 60 RO-RAOB pairs. The causes of the temperature 

biases heterogeneity over North and South China are not certain in this point.  

The mean ΔT between 200 hPa and 20 hPa for different sensor types in the 

daytime is summarized in Table 2. The daytime mean ΔT (RS92) is about 0.1 K to 0.3 K 

globally, and the ΔT (AVK) is as large as 0.8 K. The relatively larger Std(ΔT) for 

Shanghai (~1.67 K) may be mainly due to large  ΔT difference in north and south China 

under different solar zenith angle especially during the daytime. In the daytime ΔT 

(Shanghai) can be as large as 0.2 K to 0.4 K in east and north China and range from -0.2 

K to -0.4 K in the south China. 
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The Std(ΔT) (RS92) from 200 hPa to 20 hPa for different countries are United 



States (1.59 K), Australia (1.48 K), Germany (1.48 K), Canada (1.43 K), England (1.5 K), 

and Brazil (1.44 K).  

However, there still exist small but not negligible ΔT (RS92) between 200 hPa 

and 20 hPa in different regions. The mean ΔT (RS92) in the United States is close to zero 

near the 200 hPa then slightly increases with height. The mean ΔT (RS92) in United 

States from 200 hPa to 20 hPa is equal to 0.10 K. The mean ΔT (RS92) are 0.18 K for 

Australia, 0.20 K for Germany, 0.10 K for Canada, 0.13 K for England, and 0.33 K for 

Brazil (Figs. 3b-e).  
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where Figure 4a is for United States, and Figs. 4b-f are for the Australia, Germany, 

Canada, England, and Brazil, respectively.  
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The Stds(ΔT ) (RS92) are 1.61 K for United States, 1.50 K for Australia, 1.50 K for 

Germany, 1.58 K for Canada, 1.47 K for England, and 1.50 K for Brazil.  
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(RAOB minus RO) are 0.1 K to 0.2 K smaller (colder) than  
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 except for those in United States and England. The nighttime mean temperature bias for 

USA is 0.14 K whereas the daytime mean bias is 0.10 K. The nighttime mean 

temperature bias for England 0.14 K whereas the daytime mean bias is 0.13 K.  
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 The mean nighttime ΔT (RS92) are 0.14 K for United States, 0.19 K for 

Australia, 0.15 K for Germany, -0.10 K for Canada, 0.14 K for England, and 0.25 K for 



Brazil, respectively (Figs. 4a-e).   

              The small but not negligible mean Vaisala RS92 temperature biases in different 

regions may indicate a small residual error after applying the radiation correction tables 

(i.e., RSN96, RSN2005, and RSN2010 tables) for the respective sonde type.  
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 Because all sondes are launched close to the same UTC time, RS92 in 

different regions are launched at different local times, i.e. different SZA. The analyses for 

the SZA dependent temperature biases are further discussed in next section.    

b. Solar Zenith Angle Dependent Temperature Biases 
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Their Stds(ΔT ) are 1.62 K for Sippican, 1.60 K for VIZ-B2, 1.56 K for AVK, and 

1.68 K for Shanghai, respectively. 

           Similar to Vaisala, we  
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           The SZA for Sippican, VIZ-B2, Russian, and Shanghai sondes is mainly ranging 



between 30 degree and 150 degree. The VIZ-B2 has an obvious warm bias during 

daytime and a cold bias at night relative to those of RO temperature profiles (Figure 8b). 

At 50 hPa, the VIZ-B2 warm bias can be as large as 1.75 K near the noon, and it 

decreases to -0.8 K during the night. AVK has a temperature bias of from about 0.7 K to 

1.1 K in the daytime where its nighttime biases are close to zero (Figure 8c). The mean 

temperature biases for the Shanghai sondes is about 0.16 K and -0.07 K for daytime and 

nighttime (Figure 6d), respectively.  
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The RAOB-RO monthly mean temperature biases in the lower stratosphere at different 

geographical regions are highly dependent on the seasonal variation of the SZA.  
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4.2 Time Series Anomaly for RS92    

SZA-dependent biases may result in seasonally and regionally dependent temperature 

biases for different sensor types, which may result in unexpected trend uncertainty. With 

a residual RS92 radiation error identified in the Section 3.2, the time series of the RS92-

RO temperature bias behave slightly different for different regions. Figures 10a-f show 

daytime and nighttime time series of monthly mean temperature biases computed using 

Eq. (3) at 50 hPa for ΔTTime (RS92) at United States (ΔTTime (RS92USA)), Australia (ΔTTime 

(RS92Australia)), German (ΔTTime (RS92German)), Canada (ΔTTime (RS92Canada)), England 

(ΔTTime (RS92England)), and Brazil (ΔTTime (RS92Brazil)), respectively. The number for the 

monthly RAOB-RO pairs for daytime is in pink dash  line and that for the nighttime is in 

green dash line. The vertical lines superimposed on the monthly mean are the standard 

error of the mean.   

Figures 10a-f indicate that the time series of ΔTTime (RS92) at all regions are largely 



constant in time with a small difference during the daytime and nighttime in each 

individual regions. The consistency of RAOB and RO time series data is best represented 

by their standard deviation. The Stds(ΔTTime) are 0.4 K for United States, 0.18 K for 

Australia, 0.20 K for Germany, 0.35 K for Canada, 0.39 K for England, and 0.22 K for 

Brazil, respectively. The relatively larger Std(ΔTTime) for United States and England may 

be owing to smaller samples (less than 40 RAOB-RO pairs in most of the months from 

2006 to 2014). The relative larger Std(ΔTTime) in Canada is mainly caused by the seasonal 

sampling difference. During summer, daytime RAOB-RO pairs are as many as 400 and 

drop to less than 10 pairs during winter (Figure 10d). The mean daytime temperature 

biases are 0.08 K for United States, 0.22 K for Australia, 0.22 K for Germany, -0.06 K 

for Canada, 0.12 K for England, and 0.35 K for Brazil. 

The Std(ΔTTime) for RS92 at night are larger than those during daytime, except for those 

in Canada, which may be due to a relative smaller RAOB-RO ensemble pairs in the 

nighttime over those regions. The Stds(ΔTTime) for RS92 are 0.46 K for United States, 

0.30 K for Australia, 0.24 K for Germany, 0.32 K for Canada, 0.42 K for England, and 

0.43 K for Brazil in the nighttime. Their mean nighttime temperature biases are 0.19 K 

for United States, 0.23 K for Australia, 0.21 K for Germany, -0.01 K for Canada, 0.16 K 

for England, and 0.26 K for Brazil. The less than 0.5 K Std(ΔTTime) for RS92 over 

daytime and nighttime over these six regions actually demonstrate the long-term stability 

of RS92 data.  

The variation of mean ΔTTime at different regions is highly related to the corresponding 

variation of SZA. The largest mean ΔTTime (RS92) is over Brazil (i.e., ΔTTime (RS92Brazil) 

see Figure 10f), where the mean ΔTTime (RS92Brazil) is equal to 0.35 K and 0.26 K for the 



daytime and nighttime, respectively.  

A seasonal variation of ΔTTime (RS92) is not apparent expect over Canada. Although the 

mean temperature biases are very small (less than +/- 0.06 K) over Canada (i.e., northern 

high-altitudes), there still exist some seasonal-dependent temperature bias, which could 

be a result of the very few RAOB-RO ensemble pairs for night time in summer, and for 

daytime night time in winter (Fig. 10d). Over Canada, daytime SZA is as high as 50 

degree in summer which becomes 88 degree during the winter. Therefore, the daytime 

ΔTTime (RS92) can be as large as 0.3 K during the summer and as low as -0.3 K during the 

winter.  

With less radiative effect on sondes, the magnitude of RAOB-RO temperature bias at150 

hPa is in general smaller than those in 50 hPa (see Table 4). The mean ΔTTime (RS92) at 

150 hPa daytime temperature differences are 0.00 K for United States, 0.03 K for 

Australia, 0.07 K for Germany, 0.03 K for Canada, 0.04 K for England, and 0.21 K for 

Brazil. The corresponding ΔTTime (RS92) for nighttime for these countries are 0.09 K for 

United States, 0.08 K for Australia, 0.06 K for Germany, 0.12 K for Canada, 0.05 K for 

England, and 0.23 K for Brazil. The Std(ΔTTime) for RS92 at these six regions are all less 

than 0.37 K during the day and less than 0.52 K during the night (Table 4).  

 

4.3 Time Series Anomaly for Sippican MARK, VIZ-B2, AVK-MRZ, and Shanghai 

Sondes 

To demonstrate the inter-seasonal and inter-annual variation of the RAOB-RO 

temperature biases, the time series of the monthly mean temperature bias for Sippican 

MARK IIA (ID=87), VIZ-B2, AVK, and Shanghai (i.e., Time
SippicanΔ , Time

BVIZ 2−Δ , Time
AVKΔ , and 



Time
ShanghaiΔ ) in the northern mid-latitudes (from 60°N to 20°N) are shown in Figure 11. The 

mean temperature biases in this region for Time
SippicanΔ , Time

BVIZ 2−Δ , Time
AVKΔ , and Time

ShanghaiΔ  for 50 hPa 

are summarized in Table 5.  

Figure 11 shows the time series of the monthly mean temperature bias at 50 hPa. During 

daytime Time
SippicanΔ  (-0.12 K), Time

BVIZ 2−Δ  (0.87 K), Time
AVKΔ (0.80 K), and Time

ShanghaiΔ  (0.10 K) are 

warmer than those in the nighttime. The monthly mean temperature biases at 50 hPa for 

nighttime are -0.12 K for Time
SippicanΔ , -0.56 K for Time

BVIZ 2−Δ , -0.03 K for Time
AVKΔ , and -0.20 K for 

Time
ShanghaiΔ . While Time

SippicanΔ  and Time
ShanghaiΔ  are largely constant in time, Time

BVIZ 2−Δ  has obvious 

seasonal variations with a negative trend during nighttime and positive trend during 

daytime. The number of VIZ-B2 observations drops off after 2012 (see Figure 11b), 

which contributes to the larger variation of the Time
BViZ 2−Δ  after then.  

Time
AVKΔ  has an irregular seasonal variation particularly during daytime, with a large warm 

bias. A part of this irregular bias may be due to an unidentified change of instrumentation 

and large seasonal variations in sample numbers. The standard deviation of the 

temperature differences for these four sensors (i.e., )( Time
SippicanStd Δ , )( 2

Time
BVIZStd −Δ , 

)( Time
AVKStd Δ , and )( Time

ShanghaiStd Δ ) at daytime are 0.33K for Time
SippicanΔ , 0.37 K for Time

BVIZ 2−Δ , 0.22 

K for Time
AVKΔ , and 0.18 K for Time

ShanghaiΔ . The corresponding nighttime variations are 0.21 K 

for Time
SippicanΔ , 0.43 K for Time

BVIZ 2−Δ , 0.21 K for Time
AVKΔ , and 0.17 K for Time

ShanghaiΔ . The mean time 

series temperature bias at 50 hPa for these sensor types for the northern mid-latitude is 

summarized in Table 5 and the corresponding mean time series temperature differences at 

150 hPa is summarized in Table 6.  



 

5. Trend Analysis and Potential Causes of RAOB Temperature Trend Uncertainty 

5.1 Comparison Method   

To further quantify inter-annual variation of RAOB temperature biases for different 

sensor types, we conduct the trend analysis for the time series of RAOB-RO temperature 

anomaly. The anomaly of trend for each of individual sensor types relative to those of co-

located RO temperature are computed and compared. We focus on the trend analysis for 

individual sensor types over specific regions similar to previous sections. The de-

seasonalized temperature anomalies are computed by:  

 

ΔT Deseason (l,m,k) = TRAOB (l,m,k)−T
Time(l,m,k ' ) ,                                    (4) 

 

where l, m, and k are the indices of the month bin for each layer (l), zone (m) and month 

for the whole time series (k = 1 to 95), respectively, and 

€ 

k ' is the index of the month bin 

of the year (

€ 

k '  =1 to 12). TTime(l,m,k ' )  is the mean RO temperature co-located for 

different sensor types for each level (l), zone (m), and averaged over all available years 

for a particular month (

€ 

k '). Note that because the period of available measurements for 

each of the sensor types is different, the months used to compute TTime(l,m,k ' )  may vary 

for different sensor types. The mean trend of temperature difference anomalies for each 

of the sensor types at 50 hPa and 150 Pa are summarized in Tables 5 and 6, respectively.  

 

5.2 Trend of Temperature Anomalies for Vaisala Sondes  

The trend uncertainty for RAOB over different regions are mainly due to i) uncorrected 



solar zenith angle dependent biases, ii) changing of radiation correction, iii) and iv) small 

samples used in the trend analysis. While it is not possible to identify the bias for each of 

the individual causes, we can only quantify the combined statistical biases using RAOB-

RO ensembles.  

Figure 12 depicts the de-seasonalized temperature anomalies for Vaisala RS92 over 

United States ( Deseason
USARST _92Δ ), Australia ( Deseason

AustraliaRST _92Δ ), German ( Deseason
GermanyRST _92Δ ), Canada 

( Deseason
CanadaRST _92Δ ), England ( Deseason

EnglandRST _92Δ  ), and Brazil ( Deseason
BrazilRST _92Δ ), respectively. In 

general, daytime trend differences at 50 hPa in all six regions are within ±0.26 (K/ 5yrs, 

see Table 3). While the daytime trend of anomalies for RAOB and RO temperature at 50 

hPa for United States and Germany are 0.00 and -0.02 K/5yrs, the trend of anomalies are 

equal to 0.18 K/5yrs over Australia, 0.24 K/5yrs over Canada, 0.26 K/5yrs over England, 

and 0.12 K/5 yrs over Brazil, respectively. This non-trivia trend anomaly in the later 

regions may be owing to the incomplete daytime radiation correction applied in these 

regions between ΔT (RS92200701-201012) and ΔT (RS92201101-201404) (see Figure 9). The 

corresponding nighttime trend differences in these six regions are -0.21 K/ 5yrs for 

United States, -0.08 K/ 5yrs for Australia, -0.14 K/ 5yrs for Germany, -0.02 K/ 5yrs for 

Canada, -0.16 K/ 5yrs for England, and -0.10 K/ 5yrs for Brazil (see Table 3).  

To further examine the temperature trend uncertainty for global Vaisala sensors, we 

compare the global trend of anomaly for RS80, RS90, and RS92 at 50 hPa and 150 hPa in 

Tables 5 and 6, respectively. The global de-seasonalized temperature anomalies for 

Vaisala RS92 for daytime and nighttime are equal to 0.07 K/5yrs and -0.09 K/5yrs, 

respective (Table 5). The 95% confidence intervals for slopes are shown in the 

parentheses. This indicates that although there might be a small residual radiation error 



for RS92, the trend anomaly between RS92 and RO from June 2006 to April 2014 is 

within +/-0.09 K/5yrs globally. These values are just above the 1 sigma calibration 

uncertainty estimated by Dirksen et al., (2014). This means that probably the stability of 

the calibration alone could explain most of this very small trend. It is also consistent with 

the change in radiation correction.  

The trend anomaly between RS80 and RO is about 0.19 K/5yrs during the day and 0.11 

K/5yrs during the night (Table 5). Those between RS90 and RO temperature in the lower 

stratosphere are equal to -0.01 K/5yrs and 0.04 K/5yrs for daytime and nighttime, 

respectively (Table 5). 

To compute the degree of deviation between RAOB temperature and RO temperature, we 

also calculate the root mean square (RMS) temperature difference of the derived de-

seasonalized anomalies. The global RMS for Deseason
RST 92Δ  in the daytime is equal to 0.06 K. 

This indicates the consistency of RS92 temperature measurements relative to the RO 

temperature. Both of the global RMS for RS80 and RS90 in daytime are (0.27, 0.26) K 

(Table 5).   

Because the RAOB temperatures in 150 hPa are less biased compared to those at 50 hPa, 

the de-seasonalized temperature anomalies for Vaisala Sondes at 150 hPa are even 

smaller than those at 50 hPa. The trend differences for Deseason
RST 92Δ  at 150 hPa for RS92 are 

-0.13 K/5yrs for United States, 0.12 K/5yrs for Australia, -0.02 K/5yrs for  Germany, 

0.23 K/5yrs for Canada, 0.06 K/5yrs for England, and 0.00 K/5yrs for Brazil during the 

daytime (see Table 4). The corresponding trend differences during the nighttime are -0.23 

K/5yrs for United States, -0.07 K/5yrs for Australia, -0.19 K/5yrs for  Germany, -0.21 

K/5yrs for Canada, -0.08 K/5yrs for England, and -0.01 K/5yrs for Brazil.   



The global RMS of RAOB-RO anomalies for RS92 at 150 hPa are 0.04K for daytime and 

0.07 K for nighttime (Table 6). 

 

5.3 Trends of Temperature Anomalies for Sippican MARK, VIZ-B2, AVK-MRZ, 

and Shanghai Sondes  

Figure 13 depicts the de-seasonalized temperature anomalies for Sippican MARK IIA 

(ID=87), VIZ-B2 (ID=51), AVK-MRZ (ID=27), and Shanghai (ID=32) (i.e.,  Deseason
IIAMARKT −Δ , 

Deseason
BVIZT 2−Δ , Deseason

AVKTΔ , and Deseason
ShanghaiTΔ ) at 50 hPa, respectively. The trends of temperature 

anomalies for these sensor types are listed in Table 5. The 95% confidence intervals for 

slopes are shown in the parentheses. The daytime temperature trend anomalies are 0.41 

K/5yrs for Deseason
IIAMARKT −Δ , 0.47 K/5yrs for Deseason

BVIZT 2−Δ , -0.14 K/5yrs for Deseason
AVKTΔ , and 0.18 

K/5yrs for Deseason
ShanghaiTΔ , which are much larger than those of the Vaisala RS92. The 

corresponding nighttime trend anomalies are 0.24 K/5yrs ( Deseason
IIAMARKT −Δ ), -0.35 K/5yrs 

( Deseason
BVIZT 2−Δ ), -0.14 K/5yrs ( Deseason

AVKTΔ ), -0.02 K/5yrs  ( Deseason
ShanghaiTΔ ). Since the number of 

AVK - RO pairs decrease significantly after 2012, the trend anomaly for AVK-RO pairs 

before and after 2012 vary.   

The root mean square (RMS) of the de-seasonalized time series Std(ΔTTime) is used to 

indicate the trend uncertainty of the time series. The trend differences and RMS for all 

the sonde types at 50 hPa and 150 hPa are summarized in Tables 5 and 6, respectively.  
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 in the lower stratosphere comparing to the co-located RO temperatures.  

1.  
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The daytime trend of anomalies for RAOB and RO temperature at 50 hPa for United 

States and Germany are equal to (0.00, -0.02) K/5yrs, the trend of anomalies are equal to 

(0.18, 0.24, 0.26, 0.12) K/5yrs over Australia, Canada, England, and Brazil, respectively. 

The trend anomaly between RS92 and RO from June 2006 to April 2014 is within +/-

0.09 K/5yrs globally. The trend anomaly between RS80 and RO is about 0.19 K/5yrs 

during the day and 0.11 K/5yrs during the night. The daytime temperature trend 

anomalies for Deseason
IIAMARKT −Δ , Deseason

BVIZT 2−Δ , Deseason
AVKTΔ , and Deseason

ShanghaiTΔ  are (0.40, 0.47, -0.14, 0.18) 

K/5yrs, which are much larger than those of RS92.  
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Appendix A: The Quality of GPS RO Data as Benchmark References and the New 

Reprocessed Package  

 

A1. The Quality of GPS RO Data as Benchmark References for Climate Studies  

While the position and speed of the GPS and low earth orbit (LEO) satellites are 

known, we can inverse the time delay to bending angles, refractivity, and temperature 

vertical distribution with high precision and accuracy (Ho et al., 2009a,b, 2012). While 

time delay and bending angle are traceable to the international standard of units (SI 

traceability), the derived temperature profiles are not. To investigate the structural 

uncertainty of RO temperature profiles, Ho et al., (2009a and 2011) compared CHAMP 

(CHAllenging Minisatellite Payload) temperature profiles generated from multiple 

centers when different inversion procedures were implemented. Results shown that the 

mean RO temperature biases for one center (for example from UCAR) relative to the all 

center mean is within ±0.1K from 8 km to 30 km except for south pole above 25 km (see 

Fig. 6d in Ho et al., 2011). Ho et al., (2007, 2009b) demonstrated that the RO derived 

temperature profiles in the lower stratosphere are extremely useful to identify and 

calibrate the inter-satellite microwave brightness temperature differences form Advanced 

Microwave Sounding Units (AMSU) and Microwave Sounding Units (MSU) on board 

different satellite missions.  In this study, UCAR RO temperature profiles will be used in 

this study. 

GPS RO observations are of high vertical resolution (from ~60 m near the surface 

to ~1.5 km at 40 km). The mean temperature difference between the collocated soundings 

of COSMIC and CHAMP is within 0.1 K from 200 hPa to 20 hPa (Ho et al., 2009b; 



Anthes et al., 2008; Foelsche et al., 2009). Schreiner et al., (2014) compared re-processed 

COSMIC and Metop-A/GRAS bending angles produced at CDAAC. The mean COSMIC 

and Metop-A/GRAS bending angle differences are about 0.02–0.03 µrad which 

demonstrates the reproducibility of COSMIC and Metop-A/GRAS. The mean layer 

temperature difference between 200 hPa to 10 hPa is within 0.05 K (not shown). This is 

consistent with those between COSMIC and CHAMP at the same height (Ho et al., 

2009a). The precision of RO temperature is ~ 0.1 K (e.g., Anthes et al., 2008; Ho et al., 

2009a), and the precision of the trend of RO derived temperature data is within ±0.06 

K/5yrs (Ho et al., 2012). To estimate the accuracy of RO temperature in the upper 

troposphere and lower stratosphere, Ho et al., (2010) compared RO temperature from 200 

hPa to 10 hPa to those from Vaisala-RS92 in 2007 where more than 10,000 pairs of 

Vaisala-RS92 and COSMIC coincident data are collected. The mean bias in this height 

range is equal to -0.01 K with a mean standard deviation of 2.09K. Although the quality 

of Vaisala-RS92 may vary in different regions (see Section 4.1), this comparison 

demonstrates the quality of RO temperature profiles in this height range.  

 

A2. Brief Description of the New Inversion Package from CDAAC 

Comparing with the previous version, the new inversion package used improved 

precise orbit determination (POD) and excess phase processing algorithm, where a high-

precision, multiple Global Navigation Satellite System (GNSS) data processing 

software (i.e., Bernese Version 5.2, Dach et al., (2015)) is applied for clock estimation 

and time transfer. In the reprocessing package, the POD for COSMIC and Metop-

A/GRAS are implemented separately (Schrein et al., 2011). Compared to the real-time 

processed RO data, much improved and more completed satellite POD data are used in 



the reprocessed package. The re-processed COSMIC and Metop-A/GRAS data would 

produce more consistent and accurate RO variables than those from post-processed 

(periodically updated inversion packages were used) and real-time processed datasets.  
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Figure 12. The time series of de-seasonalized temperature anomaly in 50 hPa for RS92 
for a) United States, b) Australia, c) Germany, d) Canada, e) England, and f) Brazil. The 
95% confidence intervals for slopes are shown in the parentheses. 
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Figure 12. The time series of de-seasonalized temperature anomaly in 50 hPa for RS92 for a) United 
States, b) Australia, c) Germany, d) Canada, e) England, and f) Brazil. The 95% confidence intervals 
for slopes are listed in the parentheses. 
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Table 6.  Mean, standard deviation (std), trend (K/5yrs), and root mean square (RMS) of time series of 
temperature anomaly at 150 hPa for global Vaisala (RS80, RS90, and RS92), and other sensor types in 
the North hemisphere mid-latitude (60°N-20°N). The 95% confidence intervals for trend of anomaly 
are shown in the parentheses. 
 
 
  
 
 
	 	 Day	 Night	

	 	
Mean	

Bias	

STD	

Of	

MB	

Trend	 of		

ANOM	(k/5yrs)	

RMS	

of	

ANOM	

Mean	

Bias	

STD	

Of	

MB	

Trend	 of		

ANOM	(k/5yrs)	

RMS	

of	

ANOM	



RS80	 37,52,	

61,67	 0.18	 0.19	 0.045	(-0.036,0.126)	 0.18	 0.21	 0.29	 0.063(-0.055,0.181)	 0.263	

RS90	 71	

0.1	 0.31	 -0.058	(-0.181,0.065)	 0.275	 0.11	 0.33	 -0.065(-0.203,0.072)	 0.307	

RS92	 79,80,	

81	 0.08	 0.05	 0.013	(-0.005,0.031)	 0.041	 0.05	 0.08	 -0.068(-0.094,-0.042)	 0.066	

Russia	 27,75,	

88,89	

58	

0.54	 0.19	 -0.194	(-0.254,-0.134)	 0.16	 0	 0.21	 -0.147(-0.199,-0.094)	 0.135	

VIZ-B2	 51	

0.65	 0.38	 0.370	(0.227,0.514)	 0.362	 -0.15	 0.3	 -0.051(-0.182,0.079)	 0.272	

Sippican	

MARKIIA	

Chip	

87	

-0.23	 0.19	 0.217	(0.148,0.285)	 0.181	 -0.1	 0.18	 0.160(0.095,0.226)	 0.158	

Shanghai	32	

0.32	 0.12	 -0.086	(-0.149,-0.023)	 0.1	 0.08	 0.19	 -0.302(-0.394,-0.210)	 0.176	

Meisei	

Japan	

47	

0.06	 0.53	 -0.102	(-0.371,0.168)	 0.458	 0.19	 0.5	 0.001(-0.271,0.272)	 0.455	

 
 
 
 
 
 

 


