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Background

• Multiple data types sensitive to the same 
atmospheric variables should yield same trends and 
anomalies. 
!Both are highly accurate…and ”stable”. 
!Bias in a retrieval system is acceptable; a time-

dependent bias is not. 

• Time-dependent biases can be identified by a 
comparison of trends in anomalies in two different 
data types. 
!Biases have structures that can be fingerprinted. 
!GPS RO and AIRS stratospheric temperature are good 

starting candidates for comparison. 
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Data
• Atmospheric Infrared Sounder (AIRS)

! Thermal IR, near-IR, 2378 channels, ascending node at 13:30
! Temperature retrievals, 1 km resolution in troposphere, 2 km in 

stratosphere
! Data since June, 2002, to present
! Version 6, infrared-only products, combined infrared and 

microwave products

• GPS Radio Occultation, JPL
! CHAMP mission, ~140 soundings daily, SNR ~550, rapidly precessing

orbit, June 2001 through September 2008. 
! COSMIC mission, 6 satellites, ~2400 soundings daily, SNR ~700, 

separated 30° in ascending node, June 2006 to the present
! Bayesian interpolation to generate level 3

• Common Processing Period: 2003–2014. 
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Intra-comparison: AIRS
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AIRS (IR+MW) – AIRS (IR)



Intra-comparisons: GPS RO
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27 months overlap, CHAMP 
and COSMIC

COSMIC – FM1, 1 month

Different SNR, different upper 
boundary for Abel transform…

Sampling error for Bayesian 
mapping…



Trends
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Time-series: QBO
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QBO upper,
QBO lower



AIRS QBO Error
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Time-series: Stratosphere Differences
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Northern stratosphere

Southern stratosphere



Seasonal Cycle Differences
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Stratosphere Trends Differences
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Conclusions
• Infrared-only AIRS retrieval introduces a trend bias compared to 

AIRS combined infrared and microwave retrieval of approximately 
0.2 K/decade. The combined retrieval is preferable, but slightly. 

• AIRS retrievals contain null-space error of ~3 K in realizations of 
QBO and annual cycle in Antarctic stratosphere. 
! The responsible priors or retrieval constraints are unknown.
! Theoretically should not affect determination of longwave feedbacks.  

• GPS RO seasonal cycle error in upper troposphere points to flaws 
in humidity prior. 

• Broad disagreement in stratospheric trends of 2 K/decade. 
! AIRS and MERRA most realistic, but even they disagree on trends in the Brewer-

Dobson circulation. 
! GPS RO and ERA-Interim show no cooling at all; GPS RO probably overly 

influenced by ECMWF initialization of hydrostatic integral. 
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Recommendations

• AIRS and infrared generally:
! Explore cause of drift between retrievals including 

microwave and those without over the lifetime of AIRS. 
!Discover and fix causes of null space error over the 

equator and in the Antarctic stratosphere. 

• GPS RO:
! Implement an algorithm that corrects for ionospheric 

residual. 
! Implement an algorithm that reduces sensitivity to 

initialization of Abel and hydrostatic integrals. 

In review at J. Geophys. Res.
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Independent retrievals
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(Figure 9, right). The mean trends for each zone from the
North to the South are !0.14, 0.04, 0.03, 0.34, and !3.1%/
5 years (Table 3), respectively, where the standard deviation
in the trend estimates for each center from the mean trend
for the same zone are ±0.1%, ±0.04%, ±0.01%, ±0.05%,
and ±0.06%/5 years, respectively (Table 3). The RMS for
the Tropical zone and midlatitudes are around 0.03–0.05%
for all four centers (Table 4). The remaining episodic
fractional refractivity anomalies in the southern high-lati-
tude zone are still obvious after removing the seasonal
cycle. This is very likely caused by the different subsets
of profiles used by the four centers in forming the MMCs.
These remaining anomalies have obvious impacts on trend
analysis. Thus the MMC sampling errors among the four
centers are evaluated in section 5 and are used to
derive updated trends of the fractional refractivity
anomalies among four centers, with sampling error
estimates subtracted.
[62] Globally (8–30 km layer, 90! N to 90! S zone), the

trends from each of the four centers differ from the mean
trend over all centers by less than ±0.04%/5 years. These
differences are due to differences in implementation of the
GPS RO retrieval chain (including different QCs) by
different processing centers. Over all heights (8–30 km)
the RMS stays between 0.02 and 0.03%/5 years for all
centers for the globe (Table 4). This is an encouraging result
suggesting significant value of GPS RO for global trend
monitoring. Inasmuch as the naturally occurring interannual
variability of annual average refractivity is approximately

0.01%/5 years in the troposphere, some accounting for GPS
RO retrieval error is still necessary (see below).

5. Discussion
5.1. The Uncertainty of Anomaly Trends due
to the Sampling Errors Among Data Sets

[63] With different quality control schemes among the
four centers, the CHAMP profiles contributing to each
MMC bin vary in time and location [von Engeln, 2006],
leading to MMC differences among the four centers that
noticeably impact our trend analysis. To reduce these sam-
pling error effects on the trend analysis, we construct the
improved MMCs for each center by subtracting estimates of
the sampling errors from the respective MMC (similar to
Pirscher et al. [2007] and Foelsche et al. [2008a]). The
sampling errors are estimated using daily National Centers
for Environmental Prediction (NCEP) reanalysis (on a
6 hour and 1! bin) from January 2002 to December 2006.
The following procedure is used.
[64] 1. Interpolating N profiles from NCEP reanalysis

(NCEPprof hereafter) to the times and locations of each

Table 4. Same as Table 3, but for the Mean Root Mean Square
Differences

Height Layer (km)

FR/SE (%/5 years)

GFZ–Mean JPL–Mean UCAR–Mean WegC–Mean

90 !N–90 !S
8–30 0.02/0.02 0.03/0.02 0.02/0.02 0.02/0.02
8–12 0.02/0.02 0.03/0.02 0.03/0.02 0.02/0.03
12–20 0.02/0.02 0.03/0.03 0.03/0.02 0.02/0.02
20–30 0.05/0.02 0.05/0.03 0.03/0.02 0.04/0.03

60 !N–90 !N
8–30 0.07/0.06 0.11/0.07 0.07/0.07 0.07/0.1
8–12 0.09/0.07 0.12/0.09 0.07/0.07 0.08/0.12
12–20 0.07/0.06 0.1/0.07 0.08/0.06 0.06/0.11
20–30 0.11/0.12 0.16/0.11 0.11/0.11 0.1/0.14

20 !N–60 !N
8–30 0.04/0.03 0.06/0.03 0.04/0.03 0.04/0.04
8–12 0.05/0.04 0.07/0.03 0.05/0.03 0.05/0.05
12–20 0.05/0.04 0.07/0.04 0.06/0.05 0.05/0.05
20–30 0.05/0.04 0.05/0.05 0.04/0.03 0.04/0.05

20 !N–20 !S
8–30 0.02/0.02 0.03/0.03 0.02/0.02 0.01/0.01
8–12 0.02/0.02 0.02/0.02 0.02/0.02 0.02/0.02
12–20 0.02/0.03 0.04/0.05 0.03/0.03 0.02/0.02
20–30 0.02/0.03 0.03/0.03 0.03/0.03 0.01/0.02

20 !S–60 !S
8–30 0.03/0.03 0.04/0.03 0.04/0.03 0.04/0.01
8–12 0.03/0.03 0.04/0.03 0.04/0.03 0.04/0.02
12–20 0.04/0.04 0.06/0.04 0.06/0.05 0.05/0.01
20–30 0.03/0.03 0.04/0.03 0.05/0.04 0.03/0.04

60 !S–90 !S
8–30 0.05/0.04 0.1/0.05 0.07/0.04 0.05/0.06
8–12 0.06/0.05 0.12/0.06 0.08/0.05 0.06/0.07
12–20 0.05/0.04 0.1/0.06 0.08/0.05 0.05/0.07
20–30 0.14/0.11 0.28/0.12 0.2/0.09 0.09/0.09

Figure 8. Deseasonalized fractional refractivity anomalies
for each center in the 12–20 km layer for (a) the 60!–90!S
zone, (c) the 20!N–20!S zone, and (e) the 20!–60!N zone,
and in the 20–30 km layer for (b) the 60!–90!S zone,
(d) the 20!N–20!S zone, and (f) the 20!–60!N zone. The
5 year trend for each center is shown as well. Note that
Figure 8b has its ordinate range enlarged to ±4% (relative to
±2% of Figures 8a and 8c–8f).

D23107 HO ET AL.: UNCERTAINTY USING GPS FOR CLIMATE MONITORING
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GPS RO (CHAMP) refractivity from 
four different retrieval centers

(Ho et al., JGR, 2009)



Truncate COSMIC data
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Sampling error for Bayesian mapping! 



Null-space Error
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Healy and Thepault., QJRMS, 132, 605–623, 2006. 

614 S. B. HEALY and J.-N. THÉPAUT

(a)

(b)

Figure 5. The zonally averaged (a) mean and (b) r.m.s. EXP2 minus CTL temperature analysis differences as a
function of pressure, averaged over the period 1 August–29 September 2003. The contour interval is (a) 0.1 K and

(b) 0.05 K.

Assimilating the GPSRO measurements improves the r.m.s. fit to radiosonde tem-
perature measurements in the SH upper troposphere and lower stratosphere over the
day 1 to day 5 forecast range, as illustrated in Fig. 7. The r.m.s. values do not increase
smoothly as a function of forecast day because of the differences in radiosonde cover-
age at 00 and 12 UTC. The improvements introduced by the GPSRO measurements
may appear small, but they are statistically significant. Table 1 provides the statistical



Null-space Error (2)
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JJA 2006: CHAMP/GRACE Dry Temperature 
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Fig. 3 CHAMP seasonal and zonal mean dry temperature fields for the summer seasons June–July–August (JJA) 2002–2006 (left panels) and
corresponding systematic differences to ECMWF, taking CHAMP as reference (right panels)

U. Foelsche et al.: Observing upper troposphere–lower stratosphere climate 57

123

Foelsche et al., Climate Dynamics, 31, 49–65, 2008. 


