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[1] Collocated global atmospheric temperature, humidity, and refractivity profiles from
radiosondes and from Constellation Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) radio occultation data for April 2008 to October 2009 are compared
for two purposes. The first is to quantify the error characteristics of 12 radiosonde
types flown in the global operational network, as a function of height and for both day
and nighttime observations, for each of the three variables. The second is to determine
the effects of imperfect temporal and spatial collocation on the radiosonde‐COSMIC
differences, for application to the general problem of satellite calibration and validation
using in situ sounding data. Statistical analyses of the comparisons reveal differences
among radiosonde types in refractivity, relative humidity, and radiation‐corrected
temperature data. Most of the radiosonde types show a dry bias, particularly in the upper
troposphere, with the bias in daytime drier than in nighttime. Weather‐scale variability,
introduced by collocation time and distance mismatch, affects the comparison of
radiosonde and COSMIC data by increasing the standard deviation errors, which are
generally proportional to the size of the time and distance mismatch within the collocation
window of 6 h and 250 km considered. Globally, in the troposphere (850–200 hPa), the
collocation mismatch impacts on the comparison standard deviation errors for temperature
are 0.35 K per 3 h and 0.42 K per 100 km and, for relative humidity, are 3.3% per 3
h and 3.1% per 100 km, indicating an approximate equivalence of 3 h to 100 km in terms
of mismatch impact.
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1. Introduction

[2] Radiosonde observations (raobs) are a key data set in
operational weather forecasting and upper‐air climate research.
Due to their global distribution and high vertical resolution,
raobs have also been used as “ground truth” for calibra-
tion and validation of satellite temperature and water vapor
retrievals [e.g., Divakarla et al., 2006; Tobin et al., 2006;
Reale et al., 2008].
[3] With the advent of the new generation of high‐spectral

resolution sounding instruments (such as the Atmospheric
Infrared Sounder (AIRS) onboard NASA’s Aqua satellite and
Infrared Atmospheric Sounding Interferometer (IASI) onboard
the EUMETSAT MetOp‐A satellite), renewed interest in sat-

ellite retrievals and assessing their accuracy using collo-
cated radiosonde measurements has emerged. In pursuit of
these goals, concerns have been raised regarding the quality
of radiosonde data [McMillin et al., 1988; Miloshevich
et al., 2006; McMillin et al., 2007; Adam et al., 2010] and
the effects of temporal and spatial mismatch (or noncoin-
cidence) between radiosonde launch and satellite overpass
[Tobin et al., 2006; Pougatchev, 2008; Pougatchev et al.,
2009; Adam et al., 2010]. This paper addresses both of those
concerns through analysis of a global set of “collocated” sat-
ellite and radiosonde profiles.
[4] The quality of raobs suffers from measurement biases

due to sensor limitations [e.g., Miloshevich et al., 2006;
Wang and Zhang, 2008]. Moreover, biases differ between
stations according to sonde type and/or national practices
[e.g., Soden and Lanzante, 1996; Christy and Norris, 2009],
and vary with time due to changes in sensors and reporting
practices [Gaffen, 1994; Luers and Eskridge, 1998; Lanzante
et al., 2003; Christy and Norris, 2009]. Using 1979–1991
water vapor channel data from the TIROS Operational Ver-
tical Sounder on NOAA polar orbiting satellites as the ref-
erence, Soden and Lanzante [1996] revealed differences in
global radiosonde instruments in their upper tropospheric
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water vapor measurements. Kuo et al. [2004] compared
Global Positioning System (GPS) radio occultation (RO)
refractivity profiles from the CHAMP (CHAllenging Min-
isatellite Payload) satellite mission with radiosondes in five
countries, each using a different sonde type, and suggested
that the RO soundings are of sufficiently high accuracy to
differentiate their performance. Comparing the upper tropo-
spheric and lower stratospheric temperature profiles derived
from GPS RO data from the Constellation Observing System
for Meteorology, Ionosphere, and Climate (COSMIC) mis-
sion [Anthes et al., 2008] with those from four major sonde
types, He et al. [2009] indicated the COSMIC temperature
data are extremely useful as benchmark data for evalu-
ating radiosonde instrument performance. Currently there
are dozens of sonde types in the global network (Figure 1),
and one goal of this work is to identify differences among
those sonde types to better inform their use in characterizing
satellite retrievals. In this study, we examine atmospheric
temperature (T), relative humidity (RH), and refractivity (N)
profiles, by comparing radiosonde profiles of 12 sonde types
flown in the global operational radiosonde network with
COSMIC RO sounding data, for which the error character-
istics have been studied in detail [e.g., Kursinski et al., 1997;
Kursinski and Hajj, 2001; Kuo et al., 2004; Sokolovskiy
et al., 2006; Ao, 2007; Schreiner et al., 2007; Neiman et al.,
2008; Yunck et al., 2009].
[5] Current raobs certainly do not constitute a perfect ref-

erence system for anchoring satellite products, but even with
much more accurate reference‐quality soundings (as we
expect from the Global Climate Observing System’s Refer-

ence Upper‐Air Network [Seidel et al., 2009]), the colloca-
tion issue will remain a source of uncertainty in comparisons.
So the second goal of this study is to quantify the impact of
temporal and spatial mismatches between satellite and radio-
sonde data on the accuracy assessment of satellite retrievals.
Atmospheric variability on the space and time scales of such
collocation mismatches lowers the perceived accuracy of
satellite retrievals when they are evaluated against the raobs,
as shown by Tobin et al. [2006]. This problem is compounded
by radiosonde balloon drift, which can result in ∼200 km
horizontal displacements during the ∼100 min ascent from
the surface to stratosphere, and this problem has not been
evaluated in previous investigations.
[6] We employ collocated raob and COSMIC soundings

to address both goals. Launched in April 2006, COSMIC
currently yields around 2000 all‐weather soundings per day
distributed around the globe from which N, T, and RH pro-
files can be extracted. Because biases in COSMIC sound-
ing data are relatively small and are expected to be stable
in time and space [Kuo et al., 2004], COSMIC serves as a
globally consistent reference system for our comparison of
radiosonde types T, RH, and N profiles, for both day and
night. The high vertical resolution (from ∼100 m in the lower
troposphere to ∼1 km in the lower stratosphere) and rela-
tively even temporal and spatial distribution of COSMIC
observations should allow more detailed analysis than pre-
vious studies using Advanced TIROS Operational Vertical
Sounder (ATOVS), with its lower vertical resolution and
regional sampling biases (due to the Sun‐synchronous polar
satellite orbit and synoptic radiosonde observation times)

Figure 1. Global distribution of radiosonde stations and ship reports collocated within 7 h and 250 km
of COSMIC soundings for April 2008 to October 2009. See Table 1 for more information on 12 radio-
sonde types of interest (denoted with different colors).
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[Reale et al., 2008] or from intensive, but spatially and tem-
porally restricted, research programs [Tobin et al., 2006; Adam
et al., 2010; Pougatchev et al., 2009].
[7] Section 2 describes the raob‐COSMIC collocation data

set, and section 3 presents the methodology of assessing
radiosonde type characteristics and mismatch impacts. Char-
acteristics for 12 major sonde types are presented in section 4
by comparing their observations with collocated COSMIC
data, followed by analysis of the impacts of the time and
distance mismatch. Discussion and a summary of findings
are given in sections 5 and 6, respectively.

2. Collocated Raob and COSMIC Profile Data

[8] The raob‐COSMIC collocation data set is extracted
from the NOAA Products Validation System (NPROVS)
operated by the Office of Satellite Applications and Research
(STAR) at NESDIS. NPROVS routinely assembles collo-
cated radiosonde and derived satellite atmospheric sound-
ing products from a constellation of seven environmental
satellites (including NOAA‐18, NOAA‐19, MetOp, Aqua‐
AIRS, GOES, DMSP‐F16, and COSMIC). The system sup-
ports the National Polar‐orbiting Operational Environmental
Satellite System calibration and validation of the Cross‐track
Infrared Sounder (CrIs)—Advanced Technology Microwave
Sounder (ATMS) Environmental Data Records [Reale et al.,
2010].
[9] Radiosonde data used in NPROVS collocations are

those routinely utilized during the NOAA/National Centers
for Environmental Prediction (NCEP) operational Numeri-
cal Weather Prediction (NWP) assimilation. Quality control
(QC) markers of key variables determined during the NWP
assimilation and ancillary information, such as balloon drift
and collocated NWP data, are appended to the radiosonde
data. NPROVS applies quality assurance procedures to these
NCEP‐provided radiosonde data, which are then treated as
the “anchor” for compiling collocated satellite observations.
The procedures include two steps: rejecting the data values
at levels recommended by NCEP QC markers and excluding
remaining outliers detected in tests against climatological
values. The balloon drift data are computed from radiosonde
wind and height data by NCEP (D. Keyser, personal commu-

nication, 2010). It should be noted that radiosonde observa-
tions do not include station or balloon launch locations.
Station locations come only from catalogs and each data
center or agency has its own catalog, updated indepen-
dently. Uncertainties are not uncommon in many catalog
station locations, but the average errors are no more than a
few kilometers. The balloon drift path is always computed
relative to its launch location, so the uncertainty in balloon
drift location is not large enough to alter any basic conclu-
sions drawn from this collocation mismatch impact study.
[10] Like Kuo et al. [2005] and He et al. [2009], collo-

cation mismatch values in this study are computed from the
times and locations of the radiosonde balloon launch and
COSMIC occultation point, i.e., the point on Earth’s sur-
face to which the retrieved refractivity profile is assigned,
which is generally located at 2–4 km above the surface
along the refractivity profile trajectory [Kuo et al., 2004].
The maximum mismatch allowed for these collocations is
7 h and 250 km, although drift of either the radiosonde or
the COSMIC profile trajectory can increase (or decrease)
the mismatch. If multiple COSMIC soundings are within the
window, only the one that is closest in distance and time to
the raob is collocated. For the temporal and spatial mismatch
impact analysis, we required raob drift information, which
was not available at all stations; in China only 10 (of the
total 90) stations provide drift information.
[11] NPROVS began routine collocations of global radio-

sonde reports with satellite sounding products in April 2008.
For the period April 2008 to October 2009, this procedure
resulted in ∼205,000 raob‐COSMIC collocations, from 721
stations and 27 ships, distributed over the globe. Most (∼68%)
collocations are in Northern Hemisphere midlatitude land
areas where the raobs are concentrated, as shown in Figure 1,
which also shows the reported major radiosonde types. Most
raob stations used a single radiosonde type during this period,
but some stations in Russia and elsewhere used multiple
types. The Vaisala RS92 was the most widely used type,
flown over many parts of the world, including Australia,
South America, Europe, Canada, West Africa, and many
islands of the global oceans. In the U.S. network, Sippican
Mark IIA, VIZ‐B2, and Vaisala RS80 were the major types
flown. In China, starting January 2002, the digital Shang‐E

Table 1. Characteristics of Major Radiosonde Types Used in the Studya

Type
Manufacturer
or Country Temperature Sensor Humidity Sensor

BUFR Code
(Subtype)

Number
of Reports

RS80 Vaisala (Finland) Bead thermocap A/H‐Humicap 037, 052, 060, 061,
062, 063, 067

2478

RS90 Vaisala (Finland) Thin wire F‐ thermocap Twin H‐Humicap 071 1371
RS92 Vaisala (Finland) Thin wire F‐ thermocap Twin H‐Humicap 034, 079, 080, 081 14,130
M2K2 and M2K2‐DC Modem (France) Bead or Chip thermistor Capacitive polymer 056, 057 949
DFM‐06 and DFM‐90 Graw (Germany) Bead thermistor Capacitive polymer 017, 050 207
RS2–91 and RS‐01G Meisei (Japan) Rod thermistor Capacitive polymer 047, 055 749
VIZ‐B2 VIZ (U.S.) Rod thermistor Carbon hygristor 049, 051 1276
Sippican Mark II and IIA Sippican (U.S.) Chip thermistor Carbon hygristor 084, 085, 086, 087 4003
Mark IV IMD (India) Rod thermistor Carbon hygristor 020 287
Shang‐E Shang (China) Rod thermistor Carbon hygristor 032 2674
VIZ Mark II Jinyang (Korea) Rod thermistor Carbon hygristor 021 165
MRZ and MARS (Russia)b Rod thermistor Goldbeater’s skin

hygrometer
027, 028, 029, 058, 068,

069, 075, 088, 089
8969

aRadiosonde report counts are global totals for April 2008 to October 2009 (see Figure 1).
bThe Russian sonde types are made by different manufacturers. Very recent preliminary information indicates that about 36 percent of these sounding

reports were made by capacitive polymer humidity sensors.
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with a rod thermistor and carbon hygristor was introduced
into the radiosonde network to replace the Shang‐M with a
bimetal coil temperature sensor and goldbeater’s skin humidity
sensor; by August 2008, the Shang‐E was used in 82 of the
90 Chinese stations. In Russia, more than 10 radiosonde
types were flown; we selected nine types with rod thermistor
and grouped them into a single category for analysis.
[12] Table 1 gives details of the 12 radiosonde types shown

in Figure 1, including their subtypes (indicated by the three‐
digit sonde codes transmitted with the data). Following Wang
and Zhang [2008], the 12 types can be grouped into three
main categories according to humidity sensor type: capacitive
polymer (Vaisala RS80, RS90, and RS92, M2K2 and M2K2‐
DC, DFM‐90 and DFM‐06, and RS2‐91 and RS‐01G), car-
bon hygristor (VIZ‐B2, Sippican Mark II and Mark IIA, IMD
Mark IV, Shang‐E, and Jinyang VIZ Mark II), and gold-
beater’s skin. Column‐integrated tropospheric water vapor
data for capacitive polymer sensors have been found to have a
dry bias while the other two a moist bias [Wang and Zhang,
2008]. Because of their poor response in low T and when
subject to daytime solar heating, most of the radiosonde types
listed in Table 1 show a dry bias in the upper atmosphere
[Wang et al., 2003; Nakamura et al., 2004; Miloshevich et al.,
2006] except the Russian sondes which have a tropospheric
moist bias [Soden and Lanzante, 1996; Wang and Zhang,
2008].
[13] The NCEP‐provided raob T data used in this analysis

experience two stages of radiation correction. The first stage
is a correction applied at the field station using schemes
provided by radiosonde vendors or specified by the country.
Depending on radiosonde types or stations, the correction
can be made for solar heating bias only or the combination
of solar heating and infrared cooling bias. The second stage
is made by NCEP during their data assimilation after station
data are transmitted over the Global Telecommunication
System (GTS). The NCEP correction schemes are based on
comparison of raob data with NCEP’s Global Data Assim-
ilation System 6 h forecast, for different solar elevation
classes and for different radiosonde types. Most of the data
corrected by NCEP are for types that were already in use
before around 1999, and no corrections are made on more
recent types, including Vaisala RS92, Sippican Mark series
and others, because the NCEP correction schemes have not
been updated since 1999 (B. Ballish and S. Schroeder, per-
sonal communication, 2010). The NCEP corrections address
only T, not dew point temperature or RH data.
[14] To compare raob and COSMIC T, RH, and N pro-

files, we compute raob N from raob T, humidity, and pres-
sure data using the formula [Smith and Weintraub, 1953]

N ¼ 77:6
P

T
þ 3:73� 105

Pw
T2 ; ð1Þ

where P is atmospheric pressure (hPa) and Pw atmospheric
vapor pressure (hPa), T is in Kelvin, and refractivity N
is defined as 106 * (refractivity index −1). COSMIC N, T,
P and Pw profiles data are the near‐real‐time L2 products
obtained from the COSMIC Data Analysis and Archive
Center (CDAAC). COSMIC T and Pw profiles were gener-
ated from N profiles with a one‐dimensional variational
scheme that uses analyses of the NCEP Global Forecast
System (GFS) model as its first guess. (For details, see the

COSMIC CDAAC website: http://cosmic‐io.cosmic.ucar.edu/
cdaac/doc/index.html.) COSMIC RH profiles are computed
from COSMIC T, Pw, and P profiles.
[15] High precision and accuracy of the RO soundings are

the basis for the radiosonde data error characteristics eval-
uation to be discussed in sections 3.1 and 4.1. The RO N
error obtained from the analysis of real N data against NWP
analyses, which involves both measurement and represen-
tativeness errors, is 0.3–0.5% for the altitudes of 5–25 km
[Kuo et al., 2004]. The theoretical estimate of the RO N
measurement error is smaller (i.e., 0.2% for the altitudes of
5–30 km [see Kursinski et al., 1997]). In the mid‐upper
troposphere and stratosphere, where the moisture contribu-
tion to N is negligible, the retrieved T is supposed to be very
close to the dry T, and our calculation (not shown) appears
to confirm that (i.e., the difference between the UCAR
COSMIC dry and retrieval T is small, < 0.03 K). N and dry
T profiles in the upper troposphere and lower stratosphere
have been considered accurate enough to assess the quality
of other types of observational data [Kursinski and Hajj,
2001; Kuo et al., 2005; Ho et al., 2007; He et al., 2009]
compared RO moisture data with ECMWF analyses and
suggested that the derived moisture in the mid‐upper tropo-
sphere should be accurate to about 0.1 g/kg. The high vertical
resolution of COSMIC moisture retrievals is also considered
to be useful inmonitoring atmospheric mesoscale phenomena
in data‐spare regions [Neiman et al., 2008]. Our calculation
(not shown) finds the COSMIC RH data in the mid‐upper
troposphere are comparable to the NCEP GFS forecast
data (which is also shown by Neiman et al. [2008]) with the
former moister than the latter by 0.5%, suggesting the
COSMIC humidity retrievals are largely influenced by NCEP
GFS first guess, but both are moister than the radiosonde
measurements by 2% at 400 hPa, increasing to 7% at 200 hPa.
[16] Because RO signals do not penetrate into the lower

troposphere, particularly in moist regions, and because of
signal blockage in high terrain, the availability of RO
soundings in the lower troposphere is limited. Therefore, we
limit our analysis to 29 predefined pressure levels from 850
to 10 hPa.

3. Methodology

[17] The mean and standard deviation of satellite‐minus‐
raob differences are commonly used to evaluate derived sat-
ellite product performance. Here we instead calculate mean
and standard deviation of raob‐minus‐satellite differences
to focus on radiosonde bias characteristics and on the effects
of collocation mismatch,

DX ¼ 1

n

Xn
i¼1

Xr
i � Xc

i

� � ð2aÞ

SDDX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

Xr
i � Xc

i

� ��DX
� �2s

; ð2bÞ

where Xc and Xr represent the respective COSMIC and raob
T or RH, the subscript i the ith raob‐COSMIC collocation,
and n the number of collocations.
[18] For refractivity N, DX and SDDX represent the mean

fractional difference and standard deviation of the fractional

SUN ET AL.: RADIOSONDE AND GPSRO ANALYSIS D23104D23104

4 of 16



difference between raob and COSMIC, respectively. They
are computed using the following formula:

DX ¼ 1

n

Xn
i¼1

Xr
i � Xc

i

� �
Xc

i

ð3aÞ

SDDX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

Xr
i � Xc

i

� �
Xc

i

� �
�DX

� �2
vuut : ð3bÞ

3.1. Comparison of Radiosonde Types

[19] Characteristics of 12 radiosonde types with different
humidity and temperature sensors are identified by com-
paring their measurements with the collocated COSMIC
data within 3 h and 150 km windows using DX and SDDX.
Collocation mismatch impacts are not considered in this
analysis because (1) DX does not vary significantly with the
size of time and distance mismatch, (2) limited collocation
samples for some radiosonde types preclude a statistically
meaningful evaluation of mismatch impacts, and (3) data for
some radiosonde types do not include balloon drift infor-
mation, as mentioned above.
[20] To cross check the radiosonde type characteristics

identified using COSMIC data, observations of radiances,
from polar‐orbiting satellites, are compared with radiances
calculated from collocated raobs using the Community
Radiative Transfer Model (CRTM) [Han et al., 2006] (see
section 4.1).

3.2. Evaluation of Imperfect Collocation

[21] We assess collocation mismatch impacts as follows.
First, we found all of the raob‐COSMIC pairs within 6 h and
250 km, based on times and locations of the radiosonde
balloon launch and COSMIC occultation point (as stated in
section 2). Second, for those selected pairs, time and dis-
tance mismatch values are computed for each height level
by using the radiosonde balloon time and location data at
that level and COSMIC time at the occultation point and
location at that level. Third, for each level, based on the
computed mismatch values, raob‐COSMIC pairs are divided
into bins of 1 h time intervals centered at 0.5, 1.5, …, and
5.5 h and 50 km distance intervals centered at 25, 75, …,
and 275 km. Then DX and SDDX are computed for each of
these 36 bins using equations (2a) and (3a) and equations (2b)
and (3b), respectively. Finally, impacts of collocation mis-
match on satellite retrieval validation statistics are assessed
by quantifying the changes of DX and SDDX with time mis-
match at constant distance, and with distance mismatch at
constant time.
[22] DX was found to not change significantly with time

or distance mismatch, suggesting the atmospheric variability
introduced by collocation mismatch for mean raob‐minus‐
COSMIC difference is random and averages to zero for a
sufficiently large sample. The mismatch impact assessment
to be discussed in section 4 is therefore focused on SDDX as
described by equations (4a) and (4b).

SDDX dð Þ ¼ C t � 0ð Þ þ @ SDDXð Þ
@ tð Þ *Dt ð4aÞ

SDDX tð Þ ¼ C d � 0ð Þ þ @ SDDXð Þ
@ dð Þ *Dd: ð4bÞ

[23] In equation (4a), C(t ≈ 0) and ∂(SDDX)/∂(t) are the
SDDX value associated with zero time mismatch (perfect
temporal match) and the SDDX sensitivity to time mismatch,
respectively, both corresponding to the distance mismatch of
d. Similarly, C(d ≈ 0) and ∂(SDDX)/∂(d) in equation (4b) are
the SDDX value associated with zero distance mismatch (per-
fect spatial collocation) and the SDDX sensitivity to distance
mismatch, respectively, both corresponding to the time mis-
match of t.
[24] To remove the distance mismatch impact, C(t ≈ 0) and

∂(SDDX)/∂(t) corresponding to zero distance mismatch are
linearly extrapolated from values of C(t ≈ 0) and ∂(SDDX)/
∂(t), respectively, which are estimated at distance mismatch
of 25 km, 75 km, …, and 275 km, and an analogous pro-
cedure is applied to remove the time mismatch impact.
These intercept and slope values are used to assess collo-
cation mismatch impacts as will be discussed in section 4.2.

4. Results

4.1. Biases in Radiosonde Profiles

[25] In this section, we present radiosonde error char-
acteristics by sonde type. Results are shown both for com-
bined daytime and nighttime data, and for daytime and
nighttime data separately, for T, RH and N profiles. Results
based on “All” types give estimates of the overall perfor-
mance of the global operational network.
4.1.1. Temperature
[26] Mean T differences,DT, between raobs and COSMIC

vary according to sonde type. However, results for
the overall global network (thick black curves in Figure 2)
show agreement within 0.15 K (Figure 2a), with SDDT of
1.5−2.0 K (Figure 2b) throughout the troposphere and
lower stratosphere. The sign of DT, however, changes with
height: positive DT below 500 hPa for most radiosonde
types; slightly negative DT (∼−0.15 K) from the upper
troposphere to ∼50 hPa; positive DT (<0.15 K) in the
stratosphere above 50 hPa for several types, probably
reflecting solar radiation errors in the raob data.
[27] Note that the error statistics of individual sonde types

for temperature in this section, and for relative humidity and
refractivity in sections 4.1.2 and 4.1.3, were computed based
on the samples listed in Table 1, whose sizes vary signifi-
cantly among sonde types. Temperature error characteristics
for individual radiosonde types include the following.
[28] 1. The Graw DFM‐06 and DFM‐90, IMD Mark IV,

and Jinyang VIZ Mark II have anomalously large DT and
SDDT (Figure 2), which is also seen in the RH results
(Figures 3a and 3b). Similar error characteristics in GRAW
DFM‐97 were also noticed in the World Meteorological
Organization (WMO) radiosonde intercomparisons con-
ducted at Alcântara, Maranhão, Brazil, 29 May to 10 June
2001 and Vacoas, Mauritius, 7–27 February 2005 [Nash
et al., 2006]. IMD Mark IV and Jinyang VIZ Mark II were
not included in those experiments.
[29] 2. Vaisala RS80 and Meisei RS2‐91 and RS‐01G

sondes have warm biases of 0.2–0.4 K, and Modem M2K2

SUN ET AL.: RADIOSONDE AND GPSRO ANALYSIS D23104D23104

5 of 16



and M2K2‐DC have warm biases of 0.2–0.5 K, compared
with COSMIC in the upper troposphere and lower strato-
sphere, possibly due to undercorrected solar radiation error.
[30] 3. For Vaisala RS92, we find an increasing warm bias

(from ∼zero to ∼0.4 K) with altitude above 50 hPa. Since no
radiation correction for this sonde was done at NCEP, this
result suggests the solar heating might be insufficiently
corrected at the sites.

[31] 4. MRZ and MARS, VIZ‐B2, and Sippican Mark II
and Mark IIA show a cool bias of <0.4 K for the upper
troposphere and lower stratosphere, with the Sippican
sondes showing larger biases. This may be due to over-
correction of solar radiation errors and/or inadequate treat-
ment of errors due to long‐wave radiative cooling. The
MRZ & MARS sondes have warm biases of 0.3–0.6 K in
the mid‐to‐upper troposphere.

Figure 3. Same as Figure 2 but for relative humidity.

Figure 2. Comparison of radiosonde and COSMIC temperature profiles, by radiosonde type (colored
curves) and for the network average (thick black curves). (a) Mean raob‐minus‐COSMIC temperature
difference. (b) Standard deviation of the raob‐minus‐COSMIC temperature difference.
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[32] He et al. [2009] presented radiosonde‐COSMIC tem-
perature differences in the height interval 12–25 km for
Vaisala RS92, MRZ, Shang‐E, and VIZ‐B2 sondes. We
attempted to replicate their results, with mixed success.
Our results are in agreement with He et al. [2009] for the
VIZ‐B2 sonde (DT = −0.20 K, SDDT = 1.68 K) and for the
Shang‐E sonde (DT = 0.05 K, SDDT = 1.83 K). However,
for Vaisala RS92, we obtain DT = −0.12 K, compared with
0.03 K in He et al. [2009], which may be due to our use of
global data, including ship measurements, while He et al.
[2009] used only land data, and/or our use of COSMIC
retrieval T while He et al. [2009] used dry T (even though
they differ by < 0.03 K on global average; see section 2).
For the Russian radiosondes, we obtain biases of opposite
signs: DT = −0.20 K in our analysis and DT = 0.26 K from
He et al. [2009]. The reason for the difference is likely
because He et al. [2009] used only one MRZ type, for which
radiation correction was made only at the site, while this
analysis used nine MRZ and MARS subtypes, and more
importantly, some of the subtype data have experienced
radiation correction both at the field site and at NCEP as
well. This highlights the sensitivity of these bias statistics
to choices of radiosonde group definitions, and to prior
corrections to the sonde data. Comparing SDDT results, we
obtain values on average 13.5% smaller than those of He
et al. [2009] for all of four radiosonde types analyzed.
This is probably because their analysis allowed collocations
within 300 km, while our collocations window was only
150 km. As shown below (section 4.2), SDDT increases
significantly with the increase in mismatch.
[33] Although most of the radiosonde types used in this

study have undergone radiation error correction either at the
site, or by NCEP during their assimilation process, and so
should have no day‐night difference in T error character-
istics, this is not what we found. For most radiosonde types,
daytime DT tends to be larger than nighttime for the upper
troposphere and stratosphere (not shown). Average (over all
types) day‐minus‐night DT increases from about zero at
350 hPa, to 0.10 K at 50 hPa, to 0.20–0.30 K at 10–20 hPa.
These findings suggest a residual, uncorrected daytime
radiation error in NCEP raob data.
4.1.2. Relative Humidity
[34] Relative to COSMIC, most of the radiosonde types

show a dry bias which increases with altitude from the
middle troposphere to the upper troposphere (Figure 3a),
consistent with Soden and Lanzante [1996], who compared
radiosonde data with satellite measurements, Wang and
Zhang [2008], who compared radiosonde data with ground‐
based GPS total precipitable water data, and other studies
[e.g., Wang et al., 2003; Nakamura et al., 2004; Vömel et al.,
2007]. The moist bias of ∼5% throughout the troposphere
in Russian sensors is an exception among the radiosonde
types discussed (Figure 3a). On average for the whole net-
work (thick black curve in Figure 3a)DRH is < 2% in the low
troposphere and increases to 5–8% in the upper troposphere.
[35] Major characteristics of RH measurements for indi-

vidual radiosonde types are summarized as below.
[36] 1. Vaisala RS90 and RS92 show similar dry biases

(e.g., of ∼10% at 250–300 hPa) and SDDRH values
throughout the troposphere, which is consistent with the
fact that they carry equivalent sensors in terms of calibra-
tion accuracy and time response [Miloshevich et al., 2006].

In the upper troposphere, the dry bias for RS90 and RS92 is
greater than for Vaisala RS80. One might argue that this is
a result of solar radiative heating of the RS90 and RS92
twin H‐Humicap sensor both prior to launch and during
flight [Vömel et al., 2007], and an aluminized plastic shield
over the RS80 A/H Humicap reduces this effect [Wang and
Zhang, 2008]. However, even the nighttime dry bias for
RS92 and RS92 is greater than for RS80 (Figure 6). The
smaller dry bias in RS80 may be fortuitous: On average the
RS80 stations are located in moister regimes than RS90 and
RS92. Average 250 hPa RH is 29.4% for RS80, 27.3% for
RS90, and 25.3% for RS92. So the RS80 sondes are subject to
less challenging measurement environments.
[37] 2. Data from the VIZ‐B2 and Sippican carbon

hygristors have a dry bias from 700 hPa to the upper
troposphere, where the Sippican bias reaches 10–15% RH
(Figure 3a). The cause for the dry bias is not known, but
these types of sensors have known time lags and poor
response to humidity changes at low temperature [Wang
et al., 2003].
[38] 3. The Shang‐E carbon hygristor shows a dry bias of

6–10% from 850 to 300 hPa. This may be because the
Shang‐E carbon hygristor was calibrated against Vaisala
RS80‐A which has its own dry bias; Y. Chu et al. (Dry bias
in the Beijing radiosonde soundings as revealed by GPS
and MWR measurements, 2006, https://www. Eol.ucar.edu/
icmcs/presentations) report a 5–15% bias compared with
dew point hygrometers. However, the Shang‐E dry bias
appears to be greater than that of RS80‐A.
[39] 4. The Russian MRZ and MARS sondes have a

moist bias (of 2–3%) in the mid‐upper troposphere, as does
Jinyang VIZ Mark II.
[40] To further investigate radiosonde type humidity

characteristics, we performed a similar analysis with inde-
pendent satellite humidity observations from the MetOp
Microwave Humidity Sensor (MHS). Figure 4a shows
the radiosonde type RH bias at 300 hPa relative to the
COSMIC. Figure 4b, on the other hand, shows the differ-
ence (radiosonde minus MHS) in upper tropospheric
humidity‐sensitive channel 3 brightness temperature (BT).
The raob BT is calculated from temperature and water vapor
profiles using CRTM and compared with collocated satellite
BT observations. Figure 5 shows similar cross‐validation
results for 550 hPa. The qualitative agreement between
these two sets of independently computed biases, for both
pressure levels, enhances our confidence in the results.
[41] Comparison of daytime versus nighttime DRH

indicates daytime radiosonde biases tend to be drier (or
less moist) than nighttime ones. Figure 6 shows an example
of daytime and nighttime DRH at 300 hPa. Statistically sig-
nificant daytime versus nighttime DRH differences (at the
0.05 or better levels) are found for all radiosonde types
except Graw DFM‐06 and DFM‐90 and IMD Mark IV. Note
for some sonde types the daytime and nighttime samples sizes
differ significantly. For example, for Graw/Germany, the
daytime and nighttime reports are 58 and 138, respectively,
and the bias averaged from the daytime and night differences
shown in Figure 6 is −3.1%; this is larger than the all‐day
bias of −1.6% (shown in Figure 4), which is averaged from
values of the all‐day samples. On average for the whole
network, the daytime and nighttime DRH at 300 hPa are
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−7.2% and −3.3%, respectively, and are statistically signifi-
cantly different at the 0.001 level.
4.1.3. Refractivity
[42] Atmospheric refractivity N depends directly on T and

water vapor, so we expect raob‐minus‐COSMIC N differ-

ences (which we express as fractional differences) to be
related to results for T and RH discussed above. Fractional
N differences are generally negative (within −0.3%) in the
lower troposphere and are slightly positive (average 0.1%)
in the upper troposphere (Figure 7a). The negative N bias

Figure 5. Same as Figure 4 but for (a) 550 hPa and (b) brightness temperature for the MHS channel 4
middle troposphere spectral interval (183.31 ± 3 GHz).

Figure 4. Comparison of raob relative humidity biases based on COSMIC and MetOp Microwave
Humidity Sensor (MHS) data, for different radiosonde types. (a) Mean raob‐minus‐COSMIC relative
humidity difference at 300 hPa. (b) Mean raob‐minus‐MHS upper tropospheric brightness temperature.
The MHS data is for channel 3 (183.31 ± 1 GHz).
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in the lower troposphere is consistent with the dry RH
(Figure 3a), and the positive N bias in the upper tropo-
sphere is consistent with the warm T bias (Figure 2a).
[43] Consistent with their relatively large T and RH bia-

ses, the Graw, Jinyang, and IMD radiosondes show large N
biases as well (Figure 7). The Shang‐E radiosondes’ pro-
nounced negative refractivity biases (i.e., 0.5–1.0% in the
low‐mid troposphere) likely are result of its dry RH bias, as
its T bias is small. For the VIZ‐B2 and Sippican radio-
sondes, the dry and cold biases both contribute to negative
N bias from the low troposphere up to 350 hPa. Averaged
over the 700 to 200 hPa layer, the Vaisala RS92 N, with
mean fractional bias of −0.05% and standard deviation of
1.22%, is in closest agreement with COSMIC, despite the
dry bias discussed above (Figure 4). Daytime DN is less than
the nighttime for most of the radiosonde types, consistent
with the radiosonde daytime RH bias discussed above.
[44] To summarize section 4.1, radiosonde type char-

acteristics revealed through comparing raob with collocated
COSMIC data are basically consistent with, and extend,

results from field experiments and other comparisons. They
indicate the value of COSMIC data for use as a relative
reference to bring data from different radiosonde types into
relative agreement for their better use in satellite sounding
validation.

4.2. Assessment of Temporal and Spatial Collocation
Mismatch Impacts

[45] Section 4.1 focused on mean differences (biases)
between raob and COSMIC, which on global average are
not particularly sensitive to temporal and spatial colloca-
tion mismatches within the mismatch window of 6 h and
250 km. However, the standard deviations of the differ-
ences, SDDX, are dependent on the closeness of the collo-
cation, as would be expected. This section quantifies those
dependencies for T, RH, and N (Figures 8, 9, and 10), using
the methodology described in section 3.2 to evaluate both
temporal and spatial mismatch effects. We first present results
for each variable using 300 hPa data, to illustrate the
method.

Figure 7. Same as Figure 2 but for (a) mean raob‐minus‐COSMIC fractional refractivity difference and
(b) standard deviation of fractional difference.

Figure 6. Mean 300 hPa raob‐minus‐COSMIC relative humidity difference for different radiosonde
types for daytime and nighttime.
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[46] Figure 8a shows the increase in 300 hPa SDDT with
increasing time mismatch, for sets of collocations with
distance mismatch centered at 25, 75, …, and 275 km.
(Dotted curves indicate corresponding collocation sample
sizes.) For each distance mismatch bin (25, 75, …, 275 km),
we computed the time mismatch regression intercept values.
They are 1.00, 1.12, 1.31, 1.55, 1.78, and 1.97 K, showing
increasing impact with increasing distance mismatch.
Extrapolating from these values, we obtain 0.85 K as the
intercept value associated with zero distance mismatch. The
corresponding regression slopes are 0.33, 0.30, 0.22, 0.14,
0.11, and 0.10 K/3 h, and the extrapolated slope associated
with zero distance mismatch is 0.36 K/3 h. The decrease in
slope values with increasing distance mismatch suggests the
time mismatch impact is easier to detect for smaller distance
mismatch.
[47] Figure 8b shows the increase in 300 hPa SDDT with

increasing distance mismatch, for sets of collocations with
time mismatch centered at 0.5, 1.5, …, and 5.5 h. The
associated SDDT versus distance mismatch regression inter-
cept values are 0.93, 1.03, 1.13, 1.24, 1.37, and 1.54 K, and
the extrapolated intercept value associated with zero time
mismatch is 0.85 K. The regression slopes are 0.39, 0.35,
0.31, 0.29, 0.25, and 0.21 K/100 km, and the extrapolated
slope associated with zero time mismatch is 0.40 K/100 km.

Again, this indicates the competing impacts of time and
distance mismatch on SDDT.

[48] Similar to the mismatch impact on SDDT, SDDRH gen-
erally increases with the increase in time mismatch (Figure 9a)
and distance mismatch (Figure 9b). However, the rela-
tionship between SDDRH and time or distance mismatch is
not as strongly linear as for SDDT (Figure 8). Due to poor
humidity sensor performance in cold and dry environments,
some radiosonde stations do not provide humidity mea-
surements in the upper troposphere, so that collocation
sample sizes for some bins, particularly those with small
distance mismatch, (e.g., 25 km, the gray curve in Figure 9a)
are too small for statistical analysis. Also, the noisiness of
upper‐tropospheric RH data may worsen the relationship
between SDDRH and time or distance mismatch. This ap-
pears to be confirmed by the stronger linear relationship
between the mismatch impact and time or distance mismatch
at lower than at upper levels (not shown).
[49] The intercept SDDRH and slope ∂(SDDRH)/∂(t) values

associated with zero distance mismatch, as extrapolated
from regression intercept values for distance mismatch of
25, 75,…, and 275 km (Figure 9a), are 14.5% and 2.12%/3 h,
respectively. The intercept SDDRH, and slope ∂(SDDRH)/∂(t)
values associated with zero time mismatch extrapolated

Figure 8. Dependence of 300 hPa standard deviation of raob‐minus‐COSMIC temperature difference on
collocation mismatch for (a) time mismatch and (b) distance mismatch. Solid curves represent SDDT, and
dotted curves denote the number of collocations used to compute SDDT.
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from time mismatch of 0.5, 1.5,…, and 5.5 h (Figure 9b) are
14.5% and 1.90%/100 km, respectively.
[50] Because N is more sensitive to T than RH in the

upper troposphere, the relationship between SDDN and time
or distance mismatch at 300 hPa (Figures 10a and 10b)
is similar to that for SDDT (Figures 8a and 8b). The extrap-
olated intercept SDDN and slope ∂(SDDN)/∂(t) values asso-
ciated with zero distance mismatch are 0.36% and 0.16%/3 h,
respectively, and the extrapolated intercept SDDN and slope
∂(SDDN)/∂(d) values associated with zero time mismatch
are 0.36% and 0.17%/100 km, respectively.
[51] We conducted similar analyses for all other levels and

show vertical profiles of the regression intercept values for
T, RH, and N in Figures 11, 12, and 13. In these plots, the
dotted curves show the vertical profiles of the intercept
values of SDDX profiles (associated with zero time and
distance mismatch), computed in the manner discussed
above for Figures 8–10. Table 2 gives average values for
vertical layers representing the troposphere (850–200 hPa)
and stratosphere (200–10 hPa).
[52] As we found at 300 hPa, SDDT increases with

increasing time and distance mismatch (Figure 11) through-
out the atmospheric profile, with maximum sensitivities at
200 hPa, the approximate level of the jet streams. Here the
SDDT sensitivity to time mismatch reaches 0.53 ± 0.046 K/

3 h and to distance mismatch reaches 0.49 ± 0.016 K/100 km
(where uncertainties are given in terms of standard error).
[53] Using these sensitivity estimates, we can assess SD

errors due to radiosonde balloon drift. For example, at
100 hPa, the SDDT sensitivity to time mismatch is 0.27 ±
0.017 K/3 h and to distance mismatch is 0.34 ± 0.025 K/
100 km. On global average, by 100 hPa, radiosonde bal-
loons drift 0.90 h and 48 km from the launch time and
location. Therefore, the SDDT introduced at 100 hPa is
approximately 0.16 K. This average value does not take
into account the variability of drift time and distance asso-
ciated with local wind conditions.
[54] The dotted curves in Figures 11a and 11b are iden-

tical, because they are projected SDDT values for complete
coincidence in time and space of radiosonde and COS-
MIC profiles. These SDDT values can be considered zero‐
mismatch SD errors, as distinct from the SDDT values asso-
ciated with nonzero mismatches, solid curves in Figure 10
The zero‐mismatch temperature SD error is minimum
(0.84 K) around 200 hPa and gradually increases to ∼2.0 K
toward the low troposphere and stratosphere.
[55] For RH (Figure 12), the SDDRH sensitivity to time

and distance mismatch is highest at 550 hPa, where for
SDDRH it is 5.26 ± 0.576%/3 h and 4.57 ± 0.568%/100 km,
respectively. The zero‐mismatch SD error is ∼14% through-

Figure 9. Same as Figure 8 but for relative humidity at 300 hPa.
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out the troposphere (dotted curves in Figure 11), but since
the upper troposphere is generally relatively drier, the zero‐
mismatch RH SD error is greater in a relative sense at those
levels. For N (Figure 13), the sensitivity of SDDN to time
and distance mismatch minimizes around 350 hPa. The zero‐
mismatch SD error (dotted curves in Figure 13) decreases
gradually from 2.28% in the low troposphere to 0.36% from
about 300 to 200 hPa.
[56] The zero‐mismatch SD errors presented above can be

considered a baseline summation of random errors in GPS
RO measurement, COSMIC retrieval algorithm, NWP back-
ground, or radiosonde data. The increase of zero‐mismatch
SD N error with height starting at 400 hPa toward the lower
troposphere (dashed curves in Figure 13) is similar to the
ones obtained through comparing RO N data with ECMWF
and NCEP global analyses [see Kuo et al., 2004, Figure 13].
The N SD error increasing trend toward the lower tropo-
sphere is likely related to the increasing RO N error over
that altitude range [Kursinski et al., 1997; Kuo et al., 2004;
and Schreiner et al., 2007]. Measurement and representa-
tiveness errors in radiosonde data, which were suggested to
be greater than the RO error [Kuo et al. [2004], and the
variability among sonde types (see section 4.1) are likely the
more important factors contributing to the profiles of SD
errors (dashed curves of Figures 11–13). One application of

these computations is that similar methods could be applied
to other satellite retrievals (e.g., AIRS and IASI) to obtain
baseline errors for those observing systems [Maddy and
Barnet, 2008; Pougatchev et al., 2009], for comparison.
[57] The mismatch impact results discussed above were

computed using global raob‐COSMIC collocation data.
We performed the analysis for mid‐high‐latitude and low‐
latitude regions separately, with results shown in Table 2.
In general, the SDDX due to time or distance mismatch is
greater in mid‐high latitudes than in low latitudes for T, RH,
and N, as expected due to atmospheric weather‐scale vari-
ability [Tobin et al., 2006]. However, for stratospheric
SDDT, sensitivity to time mismatch is larger at low latitudes
than mid‐high latitudes (0.47 K/3 h versus 0.27 K/3 h). The
standard errors (values within the parentheses) in the low
latitudes are greater than those in the mid‐high latitudes,
reflecting smaller raob‐COSMIC collocation samples in low
latitudes. Analysis of Figures 11–13 and Table 2 also sug-
gest that globally, in the troposphere, the mismatch impact
due to 3 h difference is approximately equivalent to that due
to 100 km difference, and this result should be considered in
selecting collocation windows for in situ and satellite data
comparisons.
[58] In this analysis the SD statistics are computed at

profile levels using level data. It is anticipated that values of

Figure 10. Same as Figure 8 but for standard deviation of raob‐minus‐COSMIC fractional refractivity
difference at 300 hPa.
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these statistics would be smaller if computed from layer‐
mean data, where fine structure errors are greatly suppressed
[Tobin et al., 2006].

5. Discussion

[59] The quantitative results presented in section 4 have
several practical applications, which we summarize here.
The radiosonde error characteristics revealed in this study
through comparison with COSMIC data are generally con-
sistent with results of previous published studies, but they
include more radiosonde types and additional variables.
Furthermore, the radiosonde humidity error characteristics
are supported by comparison with collocated satellite MHS
brightness temperature observations. The robustness of these

results recommends their application to (1) efforts that
employ raobs to calibrate and validate satellite retrievals
and (2) refining the adjustment of radiosonde observations
in the NWP data assimilation process.
[60] Our results can be usefully applied to several impor-

tant aspects of the satellite data validation and calibration
process, including: correcting radiosonde measuring biases
and selecting specific sonde types and times of day for
comparison; refining and quantifying the impact of temporal
and spatial collocation criteria; differentiating calibration/
validation statistics at different vertical levels; and differ-
entiating among T, RH and N as variables for comparison.
[61] Examples are given here to illustrate the applications

mentioned above. Given the measurement biases and their
dependence on sonde types (see section 4.1), using radio-

Figure 11. Dependence of standard deviation of raob‐minus‐COSMIC temperature difference (SDDT)
on (a) time collocation mismatch and (b) distance collocation mismatch. The SDDT values for the solid
curves are the regression intercepts (see section 3.2 for detail), corresponding to zero distance mismatch
(Figure 11a) and zero time mismatch (Figure 11b). The SDDT values associated with zero time mismatch
(dotted curve in Figure 11a) and zero distance mismatch (dotted curve in Figure 11b) are linearly
extrapolated from SDDT values associated with nonzero time mismatches (Figure 11a) and nonzero
distance mismatches (Figure 11b), respectively.

Figure 12. Same as Figure 11 but for standard deviation of raob‐minus‐COSMIC relative humidity
difference (SDDRH).
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sonde data without correction could introduce artificial
errors into the satellite data evaluated. For instance, satellite
retrievals in the upper troposphere would appear to be
biased too moist because most of the sonde types have dry
biases (Figure 3). Also, the mismatch impact equivalence of
3 h to 100 km (see section 4.1) should be used to pick the
right satellite sounding for collocating to a raob, when mul-
tiple satellite soundings are within the mismatch window
of interest, and the mismatch impact, for example, 0.35 K
per 3 h and 0.42 K for 100 km for global tropospheric
temperature (see Table 2) is recommended to be taken into
account when the weather‐monitoring performance of sat-
ellite retrievals is evaluated.
[62] As discussed in sections 3 and 4 and Tobin et al.

[2006], the collocation mismatch impact presented in this
study is caused fundamentally by the atmospheric weather‐
scale variability introduced by the temporal and spatial
mismatch. Because short‐term weather‐scale variability
varies with region, the mismatch impact should differ cor-
respondingly, as shown in Table 2 for mid‐high latitude
versus tropical region. For the same reason, it is speculated
the mismatch impact particularly in the lower troposphere
may differ with areas which have different terrain types,
such as land, sea, and mountain. And the sensitivity of mean
biases and SD errors to temporal or spatial mismatch over
those areas can be estimated using the methodology
described in section 3, but the statistical analysis technique
requires samples from a much longer time period to be
accumulated for the small spatial‐scale analysis, compared
to the ones for the global analysis discussed in this work.
[63] Note different sonde types have different levels of

measurement noise which could increase the mismatch
impact statistics noise. When enough samples are accu-
mulated, it is desirable to repeat the mismatch impact anal-
ysis for individual sonde types even though it is not expected
that the conclusion drawn from this work on the relation
of mismatch impact to temporal and spatial mismatch will
change.
[64] We also note that COSMIC retrievals differ from

satellite observations based on radiance measurements with
respect to geometry and the resulting vertical and horizontal
data resolution. We plan to conduct similar analyses with

AIRS and IASI retrievals to see if our results regarding time
and distance mismatch impacts are valid for those systems.
[65] It is also important to recognize that the results here

are based on “weather‐scale” atmospheric variability and
may not be directly applicable to the use of satellite mea-
surements for detecting long‐term climate change, for which
issues of intersatellite calibration, orbital decay and diurnal
drift are important [Christy et al., 2000; Zou et al., 2006].
Ideally, high‐accuracy radiosonde measurements could be
used to calibrate and adjust satellite data for climate moni-
toring. Whether mismatch between radiosonde launch and
satellite overpass affects calibration of the satellite observa-
tions, and thus the detection of climate trends, has not been
the focus of this analysis. To address that question, we must
understand: What is the impact of collocation mismatch on
the SD error computed from monthly data (as opposed to
the synoptic data used in this analysis)? The answer could
be relevant to requirements for sampling strategies for the
GCOS Reference Upper‐Air Network [Seidel et al., 2009].
[66] With regard to the second application, recall that the

raob T data used in this analysis had undergone radiation
corrections at the station and/or by NCEP. Nevertheless,

Figure 13. Same as Figure 11 but for standard deviation of raob‐minus‐COSMIC fractional refractivity
difference (SDDN).

Table 2. Standard Deviation Errors Introduced by Time Mismatch
(per 3 h) and Distance Mismatch (per 100 km) for T, RH, and N for
the Troposphere (850 to 200 hPa Average) and Stratosphere (200
to 10 hPa)a

SDDT (K)
Troposphere

SDDT (K)
Stratosphere

SDDRH (%)
Troposphere

SDDN (%)
Troposphere

Time Mismatch Impact
Globe 0.35 (0.042) 0.30 (0.042) 3.30 (0.506) 0.33 (0.050)
Mid‐high

latitude
0.40 (0.049) 0.27 (0.053) 3.52 (0.551) 0.35 (0.049)

Low latitude 0.11 (0.121) 0.47 (0.139) 2.32 (0.929) 0.24 (0.105)

Distance Mismatch Impact
Globe 0.42 (0.030) 0.22 (0.025) 3.05 (0.290) 0.36 (0.023)
Mid‐high

latitude
0.46 (0.031) 0.22 (0.025) 3.19 (0.298) 0.35 (0.021)

Low latitude 0.20 (0.048) 0.22 (0.052) 2.58 (0.461) 0.32 (0.050)

aValues within the parentheses are the standard errors of the estimates.
The low‐latitude region is defined as 30°N and 30°S, and the mid‐high‐
latitude region is the rest of the world.
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there remained differential biases with respect to COSMIC
T profiles, which suggests that those corrections are not
wholly adequate. The NCEP corrections are for radiation
error only, and they have not been updated since 1999.
Therefore, it is likely that newer instruments, such as Vaisala
RS92 and Sippican radiosondes, require different adjustments,
as do any instruments for which instrument type codes are
incorrectly reported. Results of this work prompt us to more
thoroughly examine radiation biases in NCEP adjusted and
unadjusted radiosonde data, by using the GPSRO data as
globally consistent transfer standard. Such a study should
help improve or update NCEP corrections to radiosonde T
profiles, as well as extend them to humidity observations.

6. Summary

[67] Using 19 months of NPROVS global raob‐COSMIC
collocation data, this study has identified the characteristics
of major radiosonde types, using the COSMIC data as a
transfer standard, and has quantified the impact of time and
distance collocation mismatch on the accuracy assessment
of satellite retrievals of temperature, relative humidity and
refractivity. Our main results are as follows.
[68] 1. Although on global average, raob and COSMIC‐

derived temperature profiles agree within 0.15 K, there are
differences among sonde types, which vary with height and
from day to night. Average differences tend to be < 0.5 K
for most types at most levels, with standard deviations of
1.2–2 K.
[69] 2. Most of the radiosonde types show a dry bias,

particularly in the upper troposphere where the bias reaches
5–8% in RH, and this bias is found in comparison both with
COSMIC and with independent satellite moisture‐sensitive
radiance measurements. For most radiosonde types, the
daytime RH bias is greater than for nighttime.
[70] 3. Most sonde types have refractivity biases < 0.5%

in the low troposphere and < 0.2% in the upper troposphere.
[71] 4. Weather‐scale variability, introduced by colloca-

tion time and distance mismatch, affects the comparison of
radiosonde and COSMIC data by increasing the standard
deviation errors. The errors were found to be generally
proportional to the size of time and distance mismatch.
[72] 5. The T standard deviation errors are most sensitive

to collocation mismatch in the upper troposphere, and RH
standard deviation errors are most sensitive to collocation
mismatch at 550 hPa. Errors in N are more sensitive to T
errors in the upper troposphere and to moisture errors in the
lower troposphere. In the troposphere, collocation mismatch
impacts are greater in the mid‐high latitudes than in low
latitudes.
[73] 6. Globally, in the troposphere (850–200 hPa), the

collocation mismatch impacts on the comparison standard
deviation errors for temperature are 0.35 K per 3 h and
0.42 K per 100 km, and for relative humidity are 3.3% per
3 h and 3.1% per 100 km, indicating an approximate
equivalence of 3 h to 100 km in terms of mismatch impact.
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