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Abstract. GPS radio occultations by Formosa Satellite
mission-3/Constellation Observing System for Meteorology,
Ionosphere, and Climate (FORMOSAT-3/COSMIC) provide
bending angle profiles, which are further processed to give
profiles of temperature and water vapour in the lower at-
mosphere and electron density in the upper atmosphere.
The level 2 “atmPrf” (atmospheric profile) product of ver-
sion 2010.2640 gives temperature from surface to 0.2 hPa
(∼ 60 km). This is a dry temperature data product that does
not include relative humidity in the inversion process and
hence is reliable at altitudes< 100 hPa and erroneous at
lower altitudes. In the current study we compare the COS-
MIC “atmPrf” data from December 2010 to November 2011
with other satellite (SABER/TIMED and MLS/Aura) tem-
peratures from 50 to 0.2 hPa, COSMIC “wetPrf” data and
reanalysis (NCEP, ERA-Interim and UKMO) outputs at 100,
10, 1 and 0.5 hPa pressure levels. The satellite comparisons
show that below 1 hPa the observed median differences are
most likely produced due to the biases in the retrievals
of SABER and MLS. “atmPrf” and “wetPrf” temperatures
compare extremely well in the common altitudes with differ-
ences being absolute zero between 200 and 10 hPa. When
compared to reanalysis outputs, COSMIC seasonal means
match NCEP and ECMWF seasonal mean temperatures very
well, especially at 100 and 10 hPa. We conclude from this
study that with the COSMIC dry temperature retrievals ob-
tained from radio occultations of GPS, there is a 20 km ex-
tension of reliable data in the middle atmosphere. “atmPrf”
data are of good quality and provide reliable and unprece-
dentedly large number of profiles at greater temporal and
spatial resolutions for further studies and investigations of
the middle atmosphere up to 1 hPa, i.e., approximately up to
the stratopause at around 50 km.

1 Introduction

Understanding the thermal structure of the lower and middle
atmosphere is very important to understand the system and
its dynamics. This knowledge is very important for climate
change studies, troposphere-stratosphere and stratosphere-
troposphere exchange processes, coupling of lower to up-
per atmosphere, and vice versa, etc. Temperature measure-
ments had been made from various ground-, rocket-, balloon-
and satellite-based platforms over the last few decades.
Ground-based measurements by lidars (e.g.,Hauchecorne
and Chanin, 1980), provide very good accuracy but are
present only over a few locations over land. Similarly, rocket
(e.g., Clark and McCoy, 1965) and balloon (e.g.,Rinsland
et al., 1983) observations are also very sparse in space and
time, although they provide the most accurate measurements.
In addition, experiments from these platforms are very ex-
pensive. With the satellite era growing, observations from
space (e.g.,Dessler et al., 1998) are presenting a more global
view and providing continuous measurements over all lati-
tudes and longitudes.

Satellite temperature retrievals from atmospheric refrac-
tivity measurements using state-of-the-art technique, Global
Positioning System based Radio Occultation (GPS RO)
soundings, have provided the research community with a
wealth of data to investigate the lower and upper atmo-
sphere (Wickert et al., 2001, 2005). Comparisons with ra-
diosonde measurements revealed that RO is a robust mea-
surement technique for atmospheric monitoring and is suf-
ficiently accurate to differentiate the variation in perfor-
mance among various types of radiosonde (Kuo et al.,
2005). The Formosa Satellite mission 3/Constellation Ob-
serving System for Meteorology, Ionosphere, and Climate
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(FORMOSAT-3/COSMIC) has further moved a step ahead
providing temperature data with unprecedentedly large num-
ber of measurements using this technique (Anthes et al.,
2008; Fong et al., 2009). COSMIC measurements provide
good local time coverage, global coverage, high spatial,
vertical and temporal resolutions, long-term stability, self-
calibration and capability to operate in all weather condi-
tions. The inversion and error estimations of GPS RO data
are discussed in detail byKuo et al.(2004).

EarlierKishore et al.(2009) validated the COSMIC “wet-
Prf” temperatures with reanalysis outputs of National Cen-
ters for Environmental Prediction (NCEP), United King-
dom Met Office (UKMO), and Japanese 25 years Reanalysis
(JRA-25) in the altitude region from 8 to 30 km, with em-
phasis on the 100 hPa pressure level. They found that these
COSMIC “wet” temperatures that include the relative humid-
ity term in the inversion process best resembled the NCEP
temperatures and were reliable up to 30 km. Similar assess-
ment was made with Vaisala-RS92 and Shanghai radiosonde
temperatures and close-to-zero mean differences were ob-
served in the troposphere and lower stratosphere (He et al.,
2009). No rigorous validation studies have been done for
the “dry” temperature, “atmPrf”, data that omits the rela-
tive humidity term in the retrieval process. Only a few at-
tempts were made using limited amount of data (e.g.,Rao
et al., 2009) in the lower stratosphere. In the current study,
we are validating the latest version 2010.2640 level 2 “atm-
Prf” dataset, which gives “dry” temperature to much higher
altitudes up to the lower mesosphere (60 km/0.2 hPa). Due to
the omission of relative humidity, the data are erroneous at al-
titudes> 100 hPa. We thus concentrate on altitudes from 100
to 0.2 hPa. In this study we compare the COSMIC “atmPrf”
temperature data from December 2010 to November 2011
with temperatures measured by Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) instrument
on board the Thermosphere-Ionosphere-Mesosphere Ener-
getics and Dynamics (TIMED) satellite, Microwave Limb
Sounder (MLS) instrument on board Aura satellite from 50
to 0.2 hPa, with the “wetPrf” temperatures between 300 and
3 hPa and with reanalysis outputs of NCEP, ECMWF (Eu-
ropean Centre For Medium-Range Weather Forecasts) In-
terim Reanalysis (ERA-Interim), and UKMO at 100, 10, 1
and 0.5 hPa pressure levels on the seasonal scale. We show
that COSMIC “atmPrf” temperatures are of good quality and
provide unprecedentedly large number of observations to fur-
ther the studies and investigations of the middle atmosphere
up to the stratopause region (∼ 50 km) that were not possible
earlier as reliable temperature data were available only up to
∼ 30 km.

2 Data and analysis

2.1 FORMOSAT-3/COSMIC temperature data

The FORMOSAT-3/COSMIC mission comprises of a con-
stellation of six micro satellites that were launched into a
circular, 72◦ inclination orbit at an altitude of 512 km on
15 April 2006. The mission goal was to deploy six satel-
lites into six orbit planes at 800 km with a 30◦ separation for
evenly distributed local time coverage. Except for one satel-
lite (FM-3), owing to solar panel related problems, all others
have successfully achieved the proposed altitude. It is the first
constellation of satellites for monitoring global weather and
ionospheric electron density distribution using the GPS RO
technique. Further details regarding the spacecraft constella-
tion system can be obtained fromFong et al.(2009). COS-
MIC RO data are processed near real-time by the COSMIC
Data Analysis and Archive Center (CDAAC) at the Univer-
sity Corporation for Atmospheric Research (UCAR) to give
profiles of temperature and water vapour in the lower and
middle atmosphere to be delivered to operational weather
centers. CDAAC also reprocesses the data to retrieve bending
angle, atmospheric refractivity, and finally water vapour and
temperature in the lower atmosphere and electron density in
the ionosphere.

The new version 2010.2640 level 2 “atmPrf” data prod-
uct of COSMIC provides dry temperature from surface
to 0.2 hPa (∼ 60 km), by neglecting the water vapour in-
formation, and hence is suitable for the investigations of
stratosphere and lower mesosphere. Details of temperature
retrieval from refractivity profile obtained from GPS RO
sounding can be obtained in literature (Kursinski et al., 1997;
Kuo et al., 2004; Anthes et al., 2008; Schreiner et al., 2010)
and is briefly described as follows. Initially, L1 and L2 bend-
ing angle profiles are computed and then are linearly com-
bined at common impact parameters to produce an iono-
sphere free bending angle profile versus impact parameter.
During the retrieval process, this observational bending an-
gle profile is differenced with a climatological bending an-
gle profile to obtain the optimised bending angle. The mean
and standard deviation of these bending angle differences are
computed between 60 and 80 km altitude (where neutral at-
mospheric bending is negligible) and are used to estimate er-
rors (that are reasonably assumed to be valid at other heights)
for quality control purposes. The optimised bending angle
is obtained in the height range defined by RO observations
(exponentially extrapolated to 150 km, if required) and sub-
jected to Abel inversion (the large top height allows setting
zero boundary condition at the top) to get the refractivity pro-
file. Under the assumption of dry air, the retrieved refractivity
is directly proportional to density. Pressure is then retrieved
by integration of the hydrostatic equation and temperature is
derived from the equation of state (Schreiner et al., 2010, and
references therein).
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All COSMIC “atmPrf” temperature profiles from Decem-
ber 2010 to November 2011 are interpolated from 10 to
60 km at 0.1 km altitude spacing and 0.05 (in log scale) pres-
sure spacing. Effectively the vertical resolution is∼ 1 km in
the middle atmosphere and the total number of profiles avail-
able during this period is more than 400 000. The profiles
are gridded into four-dimensional space-time coordinates,
i.e, latitude (10◦), longitude (10◦), altitude/pressure and lo-
cal time (2 h). At each point in three-dimensional space,
monthly averages for every two hours are computed that are
later averaged over all local times to get the monthly means.
These monthly means are then utilised to obtain the sea-
sonal means during DJF (December 2010–February 2011),
MAM (March–May 2011), JJA (June–August 2011), and
SON (September–November 2011).

COSMIC level 2 version 2010.2640 “wetPrf” data ob-
tained from one dimensional variational analysis that pro-
vides wet temperature from surface to 40 km (by including
the relative humidity term) is also utilised in the current val-
idation study. Comparison between the simultaneously re-
trieved “atmprf” and “wetprf” temperatures in the common
altitudes is done to establish the consistency between the two
data products. Differences between the two profiles are com-
puted and medians and standard deviations of these differ-
ences are calculated to investigate this aspect.

The top row of Fig.1 shows the global distribution of
the number of COSMIC observations in space and time dur-
ing the study period. Number of observations over the mid-
latitudes around±50◦ (∼ 2000) is a factor of two higher than
that over equator (∼ 4000) and almost uniformly distributed
in longitude and local time. The observations during the day
over mid-latitudes are almost twice that over the equator at
midnight. From a seasonal point of view, observations are
highest during MAM and JJA.

2.2 SABER/TIMED temperature data

The TIMED satellite was launched in December 2001 into
a circular orbit at 625 km with an inclination of 74.1◦. The
satellite makes∼ 15 orbits per day with a period of 1.6 hour
and takes 60 days to complete a full 24 h cycle in local
time. SABER is one of the four instruments onboard the
TIMED satellite whose aim is to advance the understanding
of the structure, energetics, chemistry and dynamics of the
atmosphere from 20 to 120 km. SABER measures the Earth
limb emissions in 10 broad band radiometer channels rang-
ing from 1.27 to 17 µm. The kinetic temperature from the
tropopause to the lower thermosphere is retrieved from CO2
15 µm limb emission using a full non-local thermal equilib-
rium (non-LTE) inversion method. In the present study we
have used the SABER 2A level data product of version 1.07
from December 2010 to November 2011. Comparison of the
1.07 version temperatures with other ground-based Rayleigh
lidar observations showed that the SABER temperatures are
higher than the lidar temperatures by 1 to 3 K in the lower

stratosphere and slightly lower by 1 to 3 K in the upper strato-
sphere and lower mesosphere and it was concluded that the
temperatures of this version are of good quality (Remsberg
et al., 2008).

The middle row of Fig.1 shows the global distribution
of the number of SABER observations in space and time
during the study period. Similar to the COSMIC coverage,
the number of observations over mid-latitudes at±50◦ lati-
tudes is higher and very uniformly distributed in longitude.
In contrast, observations are practically absent during noon
at all latitudes and longitudes. This is due to the orbital na-
ture of the TIMED satellite. From the seasonal point of view,
higher number of observations is present during MAM in the
Northern Hemisphere and during SON in the Southern Hemi-
sphere.

2.3 MLS/Aura temperature data

The Earth Observing System (EOS) MLS is one among the
four instruments onboard the NASA’s EOS Aura satellite,
launched on 14 July 2004 into a 705 km near-polar orbit. As
Earth rotates underneath it, the Aura orbit stays fixed rela-
tive to the sun, to give daily global coverage with∼ 14 orbits
per day and observations at fixed local time. MLS provides
∼ 3500 vertical profiles each day up to a latitude of 82◦ in
each hemisphere (Waters et al., 2006). MLS temperature is
retrieved from thermal microwave limb emission bands of
O2 at 118 GHz and 239 GHz. The isotopic 239 GHz line is
the primary source of temperature information in the tropo-
sphere, while the 118 GHz line is the primary source of tem-
perature in the stratosphere and above. In the current study
we have used the version 3.3 temperature retrievals (Livesey
et al., 2011) and focussed on the pressure levels from 100
to 0.1 hPa from December 2010 to November 2011. The ob-
served bias uncertainties (in K) are 0 to +1,−1 to 0, 0 to +5,
−7 to −4 and−8 to 0 at 100, 10, 1, 0.316 and 0.1 hPa and
precisions of this data product are±0.8,±0.6,±1, ±1 and
±2 K, respectively at the five pressure levels (Schwartz et al.,
2008).

The last row of Fig.1 shows the global distribution of the
number of MLS observations in space and time during the
study period. Due to the fixed orbit of the Aura satellite, num-
ber of observations is constant at all latitudes and longitudes
except at around±70◦ where the satellite ascends/descends.
Observations are available at all latitudes and longitudes only
at 01:30 and 13:30 (local time). It can be concluded from
Fig. 1 that COSMIC has a more uniformly distributed global
coverage, especially in local time, in comparison to SABER
and MLS observations and is due to the fact that COSMIC is
a constellation of six micro satellites.

2.4 NCEP reanalysis temperature data

The NCEP/NCAR Reanalysis project uses state-of-the-art
analysis/forecast system to perform data assimilation using
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Fig. 1. The global distribution of number of temperature profiles from COSMIC (top row), SABER (middle row) and MLS (bottom row),
with respect to space, time and season.

past data from 1948 to the present (Kalnay et al., 1996). A
large subset of this data are available in its original 4 times
daily format and as daily and monthly averages. The data
are available at 17 pressure levels from 1000 to 10 hPa on
a 2.5◦ latitude by 2.5◦ longitude global grid. In the current
study, seasonal averages are obtained from monthly averages
for comparison with the COSMIC data at pressure levels 100
and 10 hPa from December 2010 to November 2011.

2.5 ERA-Interim temperature data

ERA-Interim is a global atmospheric reanalysis produced by
the ECMWF (Dee et al., 2011). The ERA-Interim project
was conducted in part to prepare for a new atmospheric re-
analysis to replace ERA-40, which will extend back to the
early part of the twentieth century. These reanalysis data
are produced with a sequential data assimilation scheme, ad-
vancing forward in time using 12-hourly analysis cycles. In
each cycle, available observations are combined with prior
information from a forecast model to estimate the evolving
state of the global atmosphere and its underlying surface.
This involves computing a variational analysis of the basic
upper-air atmospheric fields (temperature, wind, humidity,
ozone and surface pressure), followed by separate analyses of
near surface parameters, soil moisture and soil temperature,
snow and ocean waves. The analyses are then used to ini-
tialise a short-range model forecast, which provides the prior
state estimates needed for the next analysis cycle. Data are
available from 1979 onwards at 37 pressure levels from 1000
to 1 hPa at a spatial resolution of 1.5◦

× 1.5◦. In the current
study, seasonal averages are obtained from monthly averages
at pressure levels 100, 10 and 1 hPa for comparison with the
COSMIC data from December 2010 to November 2011.

2.6 UKMO stratospheric assimilated temperature data

UKMO provides data concerning stratospheric temperature,
geopotential height and wind components produced by the
Stratospheric Data Assimilation System. The data assimila-
tion system is a development of the scheme used at the Met
Office for operational weather forecasting, which has been
extended to cover the stratosphere by the Middle Atmosphere
Group. The primary product is a daily analysis, at 12:00 UT,
which is produced using only operational observations from
17 October 1991 onwards. These data are sets of meteoro-
logical analyses at 25 pressure levels from 1000 to 0.1 hPa
on a 2.5◦ latitude by 3.75◦ longitude global grid. In 2000, the
data assimilation system was converted to a 3-D Variational
(3D-VAR) assimilation system that allows a statistically bet-
ter combination of information from both observations and
the model background (Lorenc et al., 2000; Swinbank and
GB Met Office, 2002). In the current study, seasonal aver-
ages are obtained from monthly averages at pressure levels
100, 10, 1 and 0.5 hPa for comparison with the COSMIC data
from December 2010 to November 2011.

2.7 Analysis

Temperature differences between COSMIC and SABER, and
COSMIC and MLS are investigated using near-simultaneous
measurements within±5◦ latitude by±5◦ longitude and one
hour local time. These differences are grouped into differ-
ent latitude regions (−80◦ to −50◦, −50◦ to −20◦, −20◦

to 0◦, 0◦ to 20◦, 20◦ to 50◦, 50◦ to 80◦) and seasons (DJF,
MAM, JJA, SON) and a statistical investigation is carried out
by comparing the medians and their standard deviations.
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Fig. 2. Seasonal median differences between COSMIC & SABER and COSMIC & MLS temperatures obtained from near simultaneous
observations in space and time (columns 1 and 3) and the corresponding standard deviations (columns 2 and 4) in different latitudinal regions
(rows) and during different seasons (profile colour).

To compare COSMIC temperatures, which are gridded at
a coarser spatial resolution, with those of NCEP, ERA and
UKMO, the reanalysis seasonal means are under-sampled
to match the latitude and longitude grid spacing of COS-
MIC means. Global comparisons are made at 100, 10, 1 and
0.5 hPa pressure levels. NCEP data are available only at 100
and 10 hPa, ERA at 100, 10 and 1 hPa and UKMO at all the
four pressure levels of interest. The comparisons are made

accordingly, by investigating the differences between sea-
sonal mean temperatures of COSMIC and the different re-
analysis outputs.

Finally, global mean temperature profiles from all the
above listed satellites and reanalysis outputs are also com-
pared with that of COSMIC.
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3 Comparison with satellite temperatures

The first and second columns of Fig.2 show the seasonal
median differences between COSMIC and SABER tempera-
tures obtained from near simultaneous observations in space
and time and the corresponding standard deviations, respec-
tively. Measurements within±5◦ latitude and longitude and
one hour local time have been chosen for the comparison.
The four profiles in each panel show the differences during
different seasons – DJF (black), MAM (green), JJA(red), and
SON (blue) – and different rows pertain to different latitudi-
nal bands. No differentiation is made with respect to longi-
tude and local time. In the left top corner are the numbers of
profiles available for comparison during each season. Max-
imum numbers of simultaneous observations are available
in 20◦ to 50◦ and −50◦ to −20◦ latitudinal bands, as the
TIMED spacecraft yaws in about every 60 days to keep the
instrument on the anti-sunward side of the spacecraft and lat-
itude coverage extending from 53◦ in one hemisphere to 83◦

in the other flips over.
The seasonal median temperature differences in differ-

ent latitude regions show that COSMIC temperatures are
less than SABER temperatures by 2–3 K at lower altitudes
(∼ 50 hPa) and gradually increase with altitude to become
higher by the same amount at 1 hPa. At higher altitudes of
∼ 0.2 hPa the differences increase further to 5–7 K and in
Southern Hemisphere high altitudes, the differences are as
high as 10 K. At∼ 3 hPa the differences are very close to
zero. This pattern is very systematic in all latitude regions
and during all seasons. The standard deviations over low-
latitudes are∼2 K at 50 hPa, increase with altitude, are less
than 5 K up to altitudes> 1 hPa and maximum deviations
of 6–7 K are observed at∼ 0.5 hPa; at further higher alti-
tudes they start to decrease. This pattern is also similar dur-
ing all seasons. Over mid-latitudes also standard deviations
at 50 hPa are∼ 2 K except in Northern Hemisphere winter
(∼ 3 K) and increase with height. At 1 hPa deviations vary
from 5 to 10 K and maximise (6–10 K) at∼ 0.5 hPa. In both
hemispheres, summer deviations are lowest and winter devi-
ations are highest at each pressure level. Over high-latitudes,
deviations at 50 hPa range from 2 to 4 K and maximise at
∼0.5 hPa. Largest deviations of 15 K occur during winter,
while summer deviations are almost similar to that over mid-
latitudes.

Remsberg et al.(2008) compared SABER temperatures
with ground-based lidar measurements and showed that
SABER temperatures are higher by 1–3 K in the lower strato-
sphere (below 40 km or∼ 3 hPa), similar at 40 km, and lower
by 1–3 K in the upper stratosphere and lower mesosphere
(40–60 km). This is due to the bias error in CO2 radiances of
the wide channel or Ch3 (580–763 cm−1) below 40 km com-
bined with a changeover from relying on both Ch3 and the
narrow channel or Ch1 (649–698 cm−1) radiances at 40 km
to relying on just Ch1 radiances at 50 km for the tempera-
ture retrievals (Mertens et al., 2001; Remsberg et al., 2008).

Interestingly, these biases and the systematic pattern in the
median differences of COSMIC and SABER temperatures
observed in the present study are very similar from 100 to
1 hPa. Above 1 hPa, the deviations are much larger indicat-
ing errors.

The third and fourth columns of Fig.2 show the seasonal
median differences between COSMIC and MLS tempera-
tures obtained from near simultaneous observations in space
and time and the corresponding standard deviations, respec-
tively. Here the maximum numbers of simultaneous observa-
tions are present in the 50◦ to 80◦ and−80◦ to −50◦ latitu-
dinal bands, due to the orbital nature of Aura satellite. The
median differences are very small and oscillate between−1
and +2 K up to∼ 2 hPa altitude in all latitude regions. At
1 hPa, COSMIC temperatures are less than MLS tempera-
tures by 2–4 K, equal at 0.6–0.7 hPa and above this altitude,
the differences are positive and large, and maximise (7–10 K)
at 0.3 hPa. Seasonal differences are observed only in high lat-
itudes and high altitudes (< 2 hPa). Standard deviations are
less than 2 K from 100 to 20 hPa in low- and mid-latitudes.
They increase with altitude and at 1 hPa are less than 5 K
over low-latitudes and range from 5–9 K over mid-latitudes.
Winter deviations over mid-latitudes are high and summer
deviations are similar to those observed over low-latitudes.
Over high-latitudes also, summer deviations are similar to
those observed over low- and mid-latitudes while the winter
deviations are the highest (> 10 K at 1 hPa).

The oscillatory behaviour of the differences between COS-
MIC and MLS temperatures at altitudes below 1 hPa is very
similar to the oscillatory behaviour in the observed bias un-
certainty of the MLS temperature biases (Livesey et al.,
2011). The slightly larger negative difference at 1 hPa and
very high positive difference at 0.3 hPa are also similar to the
MLS bias uncertainties. Thus from the comparison of COS-
MIC temperatures with those from SABER and MLS mea-
surements below 1 hPa, we can conclude that COSMIC tem-
peratures are of greater quality, especially due to the reason
that the observed differences are most likely produced due to
the biases in retrievals of the latter.

Further, a straight forward comparison is done between the
“atmPrf” and the “wetPrf” profiles of the COSMIC mission
in the overlapping region. Left and right columns of Fig.3
show the median temperature differences between these two
simultaneously retrieved temperatures from the same GPS
RO measurement and the corresponding standard deviations,
respectively. Here also, the four profiles in each panel show
the differences during different seasons – DJF (black), MAM
(green), JJA(red), and SON (blue) – and different rows per-
tain to different latitudinal bands. No differentiation is made
with respect to longitude and local time. In the left top cor-
ner are the numbers of profiles used for comparison during
each season. It can be very clearly seen that from 200 hPa
to 10 hPa the differences are absolute zero and standard de-
viations are< 1 K during all seasons and in all latitudinal
bands. Below 200 hPa differences and standard deviations
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Fig. 3. Seasonal median differences between “atmPrf” & “wetPrf”
temperatures obtained from simultaneous retrievals (column 1) and
the corresponding standard deviations (column 2) in different lati-
tudinal regions (rows) and during different seasons (profile colour).

are ∼ −1 K and ∼ 2 K, respectively, over mid- and high-
latitudes and∼ −3 K and∼ 4 K, respectively, in the tropics.
This is due to errors in the “atmPrf” temperature retrievals
that neglect water vapour at lower altitudes. At higher alti-
tudes above 10 hPa, the differences are in the range of±1 K
and standard deviations are in the range of 2–4 K. This is due
to the errors in the “wetPrf” retrievals at the higher altitudes.
Thus it can be concluded that the dry atmospheric temper-
ature product extends reliable COSMIC temperature data to

higher altitudes. Further, both atmospheric temperature pro-
files can be combined not only at the statistical level but also
at the individual profiles level, albeit with care, in between
100 and 10 hPa.

4 Comparison with reanalysis outputs

Figure4 shows the global seasonal means of COSMIC tem-
peratures and the various reanalysis outputs – NCEP, ERA-
Interim, and UKMO, at various pressure levels. At 100 hPa
(rows 1 to 4 from bottom), all temperatures are minimum
over the tropics during all seasons and maximum in the sum-
mer high latitudes. During DJF and JJA, all temperatures
look similar, both in variation and magnitude. However, dur-
ing MAM and SON, COSMIC, NCEP, and ERA tempera-
tures are similar while UKMO temperatures differ signifi-
cantly, especially at high latitudes. At 10 hPa (rows 5 to 8
from bottom), minimum temperatures are observed over win-
ter high latitudes and maximum temperatures over summer
high latitudes. Over tropics the temperatures do not show
any significant seasonal variation. At this pressure level also,
COSMIC temperatures are similar to NCEP and ERA tem-
peratures, while UKMO temperatures vary significantly. At
1 hPa (rows 3 to 5 from above) also, COSMIC and ERA
temperatures match fairly well, while UKMO temperatures
differ significantly. Maximum temperatures are observed in
summer high latitudes and minimum temperatures in winter
high latitudes with tropics showing no significant seasonal
variation. And at 0.5 hPa (rows 1 and 2 from above), we only
have UKMO temperatures for comparison with COSMIC
temperatures which show significant differences again. Max-
imum COSMIC temperatures are seen over southern high
latitudes during SON and minimum temperatures observed
during DJF in northern high latitudes.

Global differences between seasonal mean temperatures
of COSMIC and the various reanalysis outputs at different
pressure levels are shown in Fig.5. Rows 1 to 3 from be-
low show the temperature differences of COSMIC & NCEP
(C− N), COSMIC & ERA (C− E), and COSMIC & UKMO
(C− U), respectively, at 100 hPa. Note the nonlinearity in the
colour coding of the figure. Negative departures of NCEP
from COSMIC are observed mostly over oceans and positive
departures are observed over landmasses and are varying in
the range from−2 to 1 K. While no such land-ocean con-
trast is observed in case of comparison with ERA, the depar-
tures are very small ranging from−1 to 1 K. UKMO tem-
peratures are also reasonably well compared with COSMIC
temperatures during DJF and JJA with differences ranging
from −2 to +2 K. During MAM and SON also, the differ-
ences are in the same range over low and mid-latitudes; and
over high latitudes, large differences greater than±5 K are
observed. Rows 4 to 6 from below show similar temperature
differences at 10 hPa. In contrast to that observed at 100 hPa,
negative departures of NCEP from COSMIC are observed
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Fig. 4. Global seasonal means of COSMIC temperatures and the various reanalysis outputs – NCEP, ERA-Interim, and UKMO, at the
pressure levels 100 hPa (rows 1 to 4 from bottom), 10 hPa (rows 5 to 8 from bottom), 1 hPa (rows 3 to 5 from above) and 0.5 hPa (rows 1 &
2 from above).
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Fig. 5.Differences between the global seasonal means of COSMIC (C) and the reanalysis outputs – NCEP (N), ERA-Interim (E) and UKMO
(U) – at 100 hPa (rows 1 to 3 from bottom), 10 hPa (rows 4 to 6 from bottom), 1 hPa (rows 2 & 3 from above) and 0.5 hPa (row 1 from above).
Observe the nonlinearity in the colour coding.

mostly over landmasses and positive departures over oceans
during all seasons and range from−3 to 3 K. COSMIC and
ERA temperatures compare very well at this level also dur-
ing all seasons with differences in the range from−2 to 2 K.
And UKMO temperatures show reasonably good comparison
with COSMIC temperatures only over low latitudes at this

pressure level and the differences range from−3 to 0 K. Over
mid and high latitudes, COSMIC and UKMO temperatures
differ significantly with differences being greater than±5 K.
COSMIC temperatures are greater in summer and vernal
equinox and lower in winter and spring equinox. Rows 2 and
3 from above in Fig.5 show the temperature differences of
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Fig. 6.Left: Global mean temperatures from COSMIC (C), SABER
(S), MLS (M), NCEP (N), ERA-Interim (E) and UKMO (U). Right:
Differences from the COSMIC global mean temperature.

COSMIC & ERA (C− E) and COSMIC & UKMO (C− U),
respectively, at 1 hPa. Significant differences are observed
between COSMIC and ERA with mostly negative departures
over low and mid-latitudes ranging from−4 to 0 K, large
negative departures of about 8 K over northern high-latitudes
during JJA and large positive departures of about 8 K over
southern high-latitudes during all seasons except DJF, where
the departures are small and about 2 K. Very large differ-
ences greater than±10 K are observed between COSMIC
and UKMO at 1 hPa. The situation is the same at 0.5 hPa
(Row 1 from above in Fig.5), where we only have UKMO
temperatures for comparison with COSMIC. The differences
are greater than±10 K.

From these figures we can summarize that COSMIC
global seasonal temperatures match extremely well with
those of ERA-Interim and very well with NCEP at 100
and 10 hPa and reasonably well with ERA-Interim at 1 hPa.
UKMO temperatures differ significantly except during DJF
and JJA at 100 hPa.

5 Global mean temperature

Global mean temperatures are obtained by averaging the sea-
sonal medians/means over all latitudes and longitudes from
the various satellite observations and the reanalysis outputs
and are shown in the left panel of Fig.6. 1σ standard devi-
ations are also shown in the figure by horizontal bars. These
bars are slightly shifted up/down along the pressure scale for
proper perceptibility. All global means match extremely well
and are within the 1σ standard deviations. The differences of
various global means from that of COSMIC are shown in the
right panel of Fig.6. Vertical dotted lines mark temperature
differences at−2, 0, and 2 K to aid the eye. All the differ-
ences, except those between COSMIC and UKMO tempera-
tures, are well within the range from−2 to +2 K up to 1 hPa,

and are very high above this altitude. The trends observed in
these differences are very similar to the earlier comparisons
of the various seasonal medians/means.

1. SABER: COSMIC temperature is less than SABER
temperature by 2 K at 50 hPa and the difference re-
duces to zero at 3 hPa with increasing height. At fur-
ther higher altitudes, the differences are increasingly
positive. At 1 hPa COSMIC temperature is higher by
2 K and by almost 6 K at 0.3 hPa.

2. MLS: COSMIC temperatures are higher than MLS
temperatures by 0 to 2 K from 50 to 2 hPa and the dif-
ferences are oscillating in this altitude region. At 1 hPa,
COSMIC temperature is smaller by∼ 2 K and larger
by ∼2 K at 0.6 hPa. At 0.3 hPa the difference is as high
as 9 K.

3. Reanalysis: Global COSMIC temperatures match ex-
tremely well with NCEP global mean and with ERA
global mean up to 2 hPa and also with UKMO global
mean up to 7 hPa. The differences in these cases are
very close to zero. At 1 hPa, COSMIC global mean
is less than that of ERA mean by 1 K. Maximum
differences are seen in the comparison with UKMO
above 7 hPa, where the UKMO mean deviates consid-
erably and also oscillates. Peak differences are 4 K at
∼ 1.4 hPa,−3 K at 0.5 hPa and 5 K at 0.2 hPa. Thus
UKMO global mean matches with that of COSMIC
only up to 7 hPa.

6 Conclusions

We have investigated the level 2 version 2010.2640 COS-
MIC “atmPrf” dry temperature data by comparing with other
satellite (SABER/TIMED and MLS/Aura) temperature re-
trievals, the COSMIC “wetPrf” temperature, and reanalysis
outputs (NCEP, ERA-Interim and UKMO). The local time
coverage of COSMIC is highly uniform compared to other
satellites as this is a constellation of six micro satellites. Me-
dian temperature differences between COSMIC and SABER
in different latitude regions show that the COSMIC temper-
atures are lower than SABER temperatures by 2–3 K in the
lower altitudes (> 5 hPa) and greater by 2–3 K at higher alti-
tudes (1 hPa). From 5 to 1 hPa the differences change from
negative to positive. This pattern is very systematic in all
latitude regions and during all seasons and probably arises
from the biases in the SABER temperature retrievals. Simi-
larly, median differences between COSMIC and MLS tem-
peratures are also very similar to the bias uncertainties in the
MLS temperature retrieval. The differences are very small
below∼ 2 hPa and oscillate between−1 and +2 K; COSMIC
temperatures are lower by 2–4 K at 1 hPa and at∼ 0.3 hPa the
COSMIC temperatures are greater by 7–10 K. “atmPrf” and
“wetPrf” COSMIC temperatures compare extremely well in
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the common altitudes with differences being absolute zero
between 200 and 10 hPa. Comparisons with reanalysis out-
puts show that COSMIC temperatures match extremely well
with ERA-Interim temperatures followed by NCEP tempera-
tures. UKMO temperatures are either very high or low. From
all these comparisons we conclude that COSMIC data can
be used with confidence up to 1 hPa, i.e., approximately up
to the stratopause (∼ 50 km). Above this altitude there are
large deviations from the other satellite observations as well
as reanalysis outputs. It is important to note that SABER
and MLS temperatures are from limb radiance measurements
and the reanalysis outputs are semi-empirical while COS-
MIC data are from GPS RO measurements. This strengthens
the credibility of COSMIC data and emphasizes the capabil-
ity of the GPS RO technique and also the efficiency and need
for having not one but a constellation of such satellites for
atmospheric sounding.

The COSMIC “wetPrf” data are retrieved mainly for the
investigations of the troposphere. However, they are avail-
able up to 40 km and are reliable up to∼ 30 km, much above
the tropopause (Kishore et al., 2009). The “atmPrf” dataset
gives temperature up to 60 km and is reliable up to∼ 50 km
or 1 hPa as the present study reveals, i.e., a 20 km extension
of reliable data. This dataset aims at the investigations of the
stratosphere and the current validation exercise shows that
reliable temperature data is available up to the stratopause.
It also shows that the “atmPrf” dataset is of great quality,
and COSMIC provides unprecedentedly large number of ob-
servations spread uniformly in local time. This will open up
new frontiers to investigate various geophysical processes in
the stratosphere and the stratopause region. For example, in
Kelvin wave studies using COSMIC “wetPrf” data (Das and
Pan, 2013; Pan et al., 2011), conclusive results could not be
drawn above 30–35 km. The new “atmPrf” dataset, provid-
ing high quality data in the upper stratosphere, can be used
for extending these investigations to high altitudes to obtain
better insights in to the understanding of Kelvin wave prop-
agation. Many other geophysical phenomena in 100 to 1 hPa
region can be better investigated with this dataset.
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