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Abstract. Observations from the GPS radio occultation (GP-

SRO) satellite technique and from the newly established

GCOS Reference Upper Air Network (GRUAN) are both

candidates to serve as reference observations in the Global

Climate Observing System (GCOS). Such reference obser-

vations are key to decrease existing uncertainties in upper-

air climate research. There are now more than 12 years of

data available from GPSRO, with the recognized properties

high accuracy, global coverage, high vertical resolution, and

long-term stability. These properties make GPSRO a suitable

choice for comparison studies with other upper-air observa-

tional systems. The GRUAN network consists of reference

radiosonde ground stations (16 at present), which adhere to

the GCOS climate monitoring principles. In this study, we

intercompare GPSRO temperature and humidity profiles and

Vaisala RS90/92 data from the “standard” global radiosonde

network over the whole 2002 to 2013 time frame. Addition-

ally, we include the first years of GRUAN data (using Vaisala

RS92), available since 2009. GPSRO profiles which occur

within 3 h and 300 km of radiosonde launches are used. Over-

all very good agreement is found between all three data sets

with temperature differences usually less than 0.2 K. In the

stratosphere above 30 hPa, temperature differences are larger

but still within 0.5 K. Day/night comparisons with GRUAN

data reveal small deviations likely related to a warm bias of

the radiosonde data at high altitudes, but also residual errors

from the GPSRO retrieval process might play a role. Vaisala

RS90/92 specific humidity exhibits a dry bias of up to 40 %

in the upper troposphere, with a smaller bias at lower alti-

tudes within 15 %. GRUAN shows a marked improvement

in the bias characteristics, with less than 5 % difference to

GPSRO, up to 300 hPa. GPSRO dry temperature and physi-

cal temperature are validated using radiosonde data as refer-

ence. We find that GPSRO provides valuable long-term sta-

ble reference observations with well-defined error character-

istics for climate applications and for anchoring other upper-

air measurements.

1 Introduction

Uncertainties in upper-air observations are still an issue. The

latest assessment report of the Intergovernmental Panel on

Climate Change (IPCC) states about the troposphere and

stratosphere that “despite unanimous agreement on the sign

of the trends, substantial disagreement exists among avail-

able estimates as to the rate of temperature changes... Hence

there is only medium confidence in the rate of change and

its vertical structure in the NH extratropical troposphere and

low confidence elsewhere.” (IPCC, 2013). While trends in

surface temperature from different data sources are in close

accordance, the challenges related to maintaining a homoge-

neous upper-air time series of temperature, water vapor and

other atmospheric parameters are more demanding.

Upper-air measurements from radiosondes have long been

the primary source of information, with measurements going

back more than 60 years, and efforts to establish a standard-

ized global network commenced 1958. These measurements

are unique with regard to the length of the available time se-

ries as well as with their high vertical resolution. Neverthe-

less there are substantial difficulties in how to interpret the

data for climate studies due to a large number of different

radiosonde types with varying error characteristics and in-

sufficient documentation (Luers and Eskridge, 1998).
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Radiosondes are known to suffer from radiation biases

in temperature and humidity measurements, and there have

been many attempts to quantify or correct these biases (e.g.,

Sun et al., 2013; J. Wang et al., 2013; Haimberger et al., 2008,

2012; Ho et al., 2010; Titchner et al., 2009; Vömel et al.,

2007; Miloshevich et al., 2006; Luers and Eskridge, 1998).

Most sonde types include their own correction schemes

which are applied at the ground station before the data are

transmitted. The version of corrections used at a specific

sounding or the date of software updates to newer versions

are usually unknown. Also the algorithms used by the ven-

dors are commonly proprietary, making adherence to the

principle of fully traceable and openly documented algo-

rithms difficult.

These challenges point to the need for additional data sets

of reference quality in order to better account for measure-

ment biases, and to be able to estimate the structural uncer-

tainty involved. Such structural uncertainty inevitably arises

from differences in the chosen approaches, and is decreased

by increasing the number of data sets (Thorne et al., 2011a,

2005; Santer et al., 2008; Karl et al., 2006). As a reaction

to the need for a systematic approach to climate observa-

tions, WMO’s Global Climate Observing System (GCOS)

was founded in 1992 (GCOS, 2010). One particular output of

the GCOS effort is the establishment of the GCOS Reference

Upper Air Network (GRUAN) as an international reference

observing network of upper-air measurements (Seidel et al.,

2009).

The GRUAN network is envisioned to consist of 30–40

ground stations providing reference measurements which ad-

here to the climate monitoring principles stated by GCOS

(Immler et al., 2010). At present (spring 2015), 4 stations

are certified GRUAN stations and 11 more are candidate

stations. Since GRUAN will not provide observations with

global coverage, it is not thought as a replacement of the

existing network of radiosonde stations, but rather as a key

component in the GCOS system to anchor existing obser-

vations and to facilitate their transformation to climate data

records. The complete network of radiosonde stations is also

limited in the sense that it predominately covers land regions

and has poor coverage of the Southern Hemisphere.

Satellite measurements can come to the rescue here.

Upper-air temperature measurements from satellites exist

primarily from the (Advanced) Microwave Sounding Unit

((A)MSU) instrument flying on US National Oceanic and At-

mospheric Administration (NOAA) polar orbiting satellites

(since 1979). (A)MSU observations have complete global

coverage, but they also suffer from substantial uncertainties

due to inter-satellite offsets and diurnal drift biases. Despite

immense efforts to calibrate and homogenize these upper-air

data, the long-term climate trends in troposphere and strato-

sphere are still subject to controversy (Wang and Zou, 2014;

IPCC, 2013; Thorne et al., 2011b; Ladstädter et al., 2011;

Randel et al., 2009; Zou and Wang, 2009; Mears and Wentz,

2008; Steiner et al., 2007).

A technique combining the advantages of global coverage

of satellite measurements with high quality, SI-traceability,

and long-term stability is Global Positioning System (GPS)

radio occultation (RO) (GPSRO) (Anthes, 2011).

It is identified by GCOS as another of its key compo-

nents (GCOS, 2011), and is currently the only self-calibrated

and SI-traceable satellite-based measurement system (Leroy

et al., 2006). The key observed quantity is the excess phase

of GPS signals propagating through Earth’s atmosphere and

can therefore be traced back to a precise time measurement.

Since measurements are performed in limb geometry, the

horizontal footprint of about 60 to 300 km along-ray and

1.5 km across-ray (Melbourne et al., 1994; Kursinski et al.,

1997) is coarse in comparison to radiosonde point-like mea-

surements. The vertical resolution varies with altitude and

ranges from about 100 m in the lower troposphere (Gorbunov

et al., 2004) to about 1 km in the stratosphere (Kursinski

et al., 1997).

Data from different GPSRO missions can be com-

bined without inter-calibration factors (Steiner et al., 2013;

Foelsche et al., 2011). The value of GPSRO to act as a ref-

erence measurement with climate quality has been demon-

strated in a range of publications, including GPSRO com-

parisons with (A)MSU and radiosonde data (e.g., Sun et al.,

2010, 2013; B.-R. Wang et al., 2013; Ladstädter et al., 2011;

Ho et al., 2007, 2010; He et al., 2009; Steiner et al., 2007;

Kuo et al., 2005). These characteristics underpin its value to

act as an upper-air reference observation system with global

coverage.

In this study we use GPSRO profiles from three different

missions from 2002 to 2013 in order to rigorously intercom-

pare them with data from the commonly used high-quality ra-

diosonde type Vaisala RS90/92 on a global scale. In addition,

we use GPSRO data to intercompare temperature and humid-

ity observations with collocated profiles from the GRUAN

data record over 2009 to 2013.

2 Data and methodology

2.1 GPS radio occultation data

We use data from three GPS radio occultation (GPSRO) mis-

sions: CHAMP (Wickert et al., 2001) data are used from

December 2001 to September 2008, GRACE-A (Beyerle

et al., 2005) data from March 2007 to December 2013, and

FORMOSAT-3/COSMIC (F3C) (Anthes et al., 2008) from

August 2006 to December 2013. The number of GPSRO pro-

files greatly increased with the launch of the F3C mission (by

approximately a factor of 10). The full study period is there-

fore December 2001 to December 2013, covering more than

12 years.

All data were consistently processed with Wegener Cen-

ter for Climate and Global Change’s (WEGC) OPSv5.6 pro-

cessing system using excess phase data from the COSMIC

Data Analysis and Archiving Center (CDAAC) at University
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Corporation for Atmospheric Research (UCAR) in Boulder,

Colorado. In the GPSRO retrieval process, the excess phase

changes sampled during the occultation event while the GPS

signals scan through the atmosphere, are transformed into

bending angle profiles and onward to refractivity profiles.

The relation between refractivity (N ) and atmospheric pres-

sure, temperature, and water vapor pressure is then given by

the Smith–Weintraub formula (Smith and Weintraub, 1953).

Neglecting moisture in this formula leads to the so-called

“dry-air” retrieval (Kursinski et al., 1997), which is valid in

the dry atmosphere above the mid- to upper troposphere. The

dry temperature obtained in this retrieval is always less than

the physical, actual temperature. In dry-air conditions with

negligible water vapor concentration, physical and dry pa-

rameters are equivalent. A detailed explanation of dry and

physical GPSRO parameters and their quantitative relation-

ship is given by Scherllin-Pirscher et al. (2011a).

In order to obtain physical parameters from GPSRO, ad-

ditional background information must be included. In the

OPSv5.6 processing, an optimal estimation retrieval is ap-

plied for the purpose. Here we use collocated European Cen-

tre for Medium-Range Weather Forecasts (ECMWF) short-

range forecast profiles as background. The optimal estima-

tion is applied up to an altitude of 16 km, with a half-sine-

weighted transition from physical to dry parameters between

14 and 16 km for temperature and pressure. This signifies that

at 14 km and below, only information from the optimal esti-

mation retrieval enters the profiles, while at 16 km and above,

physical and dry parameters are identical to within 0.01 K

(the physical temperature being only very slightly larger due

to stratospheric water vapor). In this study, we primarily use

physical parameters but also include a specific validation of

dry and physical temperatures against radiosonde data.

In this intercomparison, we only use GPSRO profiles

which passed the OPSv5.6 quality control (these amount to

approximately 70 % of all profiles), which includes plausi-

bility checks for bending angle, refractivity, and temperature

profiles. For details on the OPSv5.6 processing, dry/moist

retrieval, and quality control, please refer to Schwärz et al.

(2013); the processing closely builds on the OPSv5.4 prede-

cessor processing described as part of Steiner et al. (2013)

and Ho et al. (2012).

Error characteristics for GPSRO parameters are provided

from empirical error estimation. Empirical–analytical error

models for individual profiles and for climatologies are avail-

able (Scherllin-Pirscher et al., 2011a, b). For temperature, the

observational root-mean-square (RMS) error for individual

GPSRO profiles is estimated to be 0.7 to 1.0 K within 8 to

25 km for current missions (Scherllin-Pirscher et al., 2011b).

The statistical observational error from averaging over hun-

dreds of profiles becomes then very small (< 0.01 to 0.1 K).

Systematic errors are estimated to be < 0.2 K below 25 km

due to potential downward-propagated residual ionospheric

biases, high-altitude initialization of bending angles, resid-

ual representativeness errors, and refractivity coefficient er-

rors (Scherllin-Pirscher et al., 2011a).

To sum up, the overall uncertainty bound for a sample of

100 GPSRO or more profiles, including the statistical ob-

servational and the systematic errors, is generally < 0.3 K

within 8 to 25 km and stays < 0.8 K up to 35 km and down

to 5 km (Schwärz et al., 2013). A detailed review of the main

characteristics of GPSRO is given by Steiner et al. (2011).

2.2 Vaisala RS90/92 radiosonde data, including

GRUAN

Radiosonde data used in this study are obtained from two

sources: the ECMWF ERA-Interim observation archive,

which contains radiosonde data transmitted by the Global

Telecommunication System (GTS), and the RS92 GRUAN

data product (RS92-GDP) version 2 (www.gruan.org). We

limit the comparison to the usage of two Vaisala radiosonde

types, RS90 and RS92, considered to be of highest quality

(Nash et al., 2011) and therefore qualified to support the fo-

cus of this study as a first-time rigorous climatological in-

tercomparison of thermodynamic upper-air reference data.

Vaisala RS90 was introduced in 1997 and is included in our

study for comparisons in the years before RS92 had reached

a good global coverage. RS92, introduced in 2003, has been

increasingly in use around the world. It has similar tempera-

ture and humidity sensors as RS90.

The radiosonde data from the ERA-Interim archive (de-

noted RS in this study) include all mandatory and signifi-

cant levels reported by the GTS. The RS profiles used here

have a mean vertical step size of approximately 350 m. From

the distribution map plot in Fig. 1, representative for the first

years of the study time frame, it is evident that most data

were available from Vaisala RS90 launches over Europe. In

2011, shown in Fig. 2 and representative for the time period

since 2006, most data came from Vaisala RS92 with a much

better global distribution. Notable coverage gaps can be seen

over large parts of Asia, Africa, and the USA. Measurements

are very sparse over the oceans.

We process and check the RS profiles individually in order

to ensure a comparable quality. We reject each profile which

contains overly large vertical gaps between adjacent levels in

a defined “core region” of 600 to 200 hPa (about 4 to 12 km),

with a maximum allowed inter-level gap of 2000 m for tem-

perature and of 4000 m for humidity. If the humidity profile is

rejected according to these criteria, but the temperature pro-

file passes, we keep the temperature profile for further pro-

cessing. A minimum of 8 pressure levels in the core region

is required. The profiles are cut outside the core region at

the occurrence of the first large gap (defined as before), sep-

arately for temperature and humidity. This causes a distinct

decrease in sample size above 200 hPa, visible in all RS com-

parisons.

For profiles fulfilling these conditions, occasionally miss-

ing temperature and relative humidity values are interpo-
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Figure 1. Map of geographic distribution of radiosonde launch sta-

tions in 2004. Stations with launches of Vaisala RS90 are marked

in green, those launching Vaisala RS92 in red. If there were collo-

cations with GPSRO profiles at a station it is marked with a black

dot.

lated linearly on the logarithmic pressure grid. Finally, miss-

ing specific humidity values are calculated from temperature,

pressure, and relative humidity using standard moist air (sat-

uration) formulae. Less than 5 % of all RS profiles are re-

jected because of our criteria, mainly because of overly large

temperature inter-level gaps in the defined core region.

The radiosonde data from RS92-GDP version 2 (hereafter

denoted GRUAN in this study) have been developed within

the GCOS Reference Upper Air Network (GRUAN) (Seidel

et al., 2009). GRUAN aims to provide reference quality at-

mospheric observations with a well-defined set of guidelines

how to facilitate the required quality and traceability (Imm-

ler et al., 2010). At present, the GRUAN network consists

of 16 (candidate) stations world-wide, but not all of them

deliver a continuous data flow. GRUAN stations delivering

data in 2011 are marked with blue squares in Fig. 2. Only

two of them, Lindenberg (Germany) and Ny-Ålesund (Spits-

bergen) are already certified according to the standards of

GRUAN. Lindenberg is also the lead station and provides the

most stable data input to GRUAN currently. The lead station

is also where GRUAN data are processed and bias-corrected

(Immler and Sommer, 2011; Dirksen et al., 2014). GRUAN

data are openly available including rich metadata information

and error estimates. The vertical resolution is approximately

one second (in terms of sampling time of the ascending ra-

diosonde, which corresponds to approximately 5 to 10 m on

average).

2.3 Collocation and comparison method

All data are interpolated to a common logarithmic pressure

grid before validation, ranging from 1000 to 10 hPa (near

surface to about 35 km) on 351 levels. This corresponds to

an equidistant grid with a level separation of approximately

100 m. We collocated RS and GPSRO profiles by matching

the position of the RS launch site to the mean tangent point

of GPSRO, and the launch time of RS to the mean event time

Nauru

Sodankyla

Lindenberg

Tateno
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50°S
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30°N
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RS90

GRUAN

GRUAN (selected)

Figure 2. Same layout as Fig. 1, but for 2011. In addition, GRUAN

stations with data available in this year are marked in blue. The four

GRUAN stations discussed in Sect. 3.4 are marked with an orange

star.

of GPSRO. We applied collocation criteria of 300 km and

3 h. Sun et al. (2010) investigated the influence of imperfect

collocation on comparison statistics and found that the cri-

teria merely affect the comparison by increasing the random

errors (SD) with larger space/time mismatch. The mean dif-

ferences are essentially unaffected on the other hand, since

the representativity errors from the space/time mismatches

are basically random.

For comparison of different data sets it is important to

account for diverging effective resolutions. For GPSRO the

vertical resolution is dependent on altitude and the specific

profile. We performed sensitivity tests smoothing the higher-

resolved profiles to the lower resolution (Nalli et al., 2013).

Since these tests showed only a small decrease in standard

deviation we are comparing the interpolated profiles with-

out smoothing to avoid potential biases introduced by the

smoothing method.

For averages over pressure layer, we only take into ac-

count complete layers; i.e., we do not use layers which in-

clude missing values in the respective pressure range. This

prevents biases introduced otherwise by those profiles which

are systematically cut off at low (GPSRO profiles) or high

(RS profiles) altitudes.

3 Results and discussion

3.1 Global seasonal mean differences of GPSRO and

RS

Figure 3 shows the global mean difference between Vaisala

RS90/92 data from the ERA-Interim archive (RS) and the

WEGC GPSRO data set (GPSRO) for seasonal averages

(top), together with SD (middle), and number of collocations

(bottom). Temperature differences (left) stay below 0.2 K

for most atmospheric layers. Possible causes for the distinct

change in temperature differences from 2005 to 2006 above

200 hPa are analyzed in Sect. 3.3.
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Figure 3. DJF 2001/02 to SON 2013 global-mean seasonal differences for temperature (left) and specific humidity (right) between WEGC

GPSRO data and Vaisala RS 90/92 data (top), the related standard deviations (middle), and the associated number of collocations (bottom).

Specific humidity differences (right) stay below 40 % for

most layers below 200 hPa, but with very large spread. The

mean difference shows a slightly positive bias of RS be-

low 400 hPa and a negative bias between 200 and 400 hPa

compared to GPSRO. The median (not shown) is negative

throughout the whole pressure range, with a very small bias

close to 0 % around the lowest available layer from 700 to

800 hPa, and reaches −25 % at 300 hPa. Previous studies

imply that the negative difference stems from the Vaisala

RS92 dry bias (Vömel et al., 2007; J. Wang et al., 2013).

Below 400 hPa, the WEGC GPSRO optimal estimation re-

trieval provides humidity profiles with a good measurement-

to-background information ratio for mid-latitudes (i.e., main

information stems from GPSRO measurements there). Here

the humidity difference to RS is within 15 %. Above 200 hPa,

due to the very low humidity content, radiosonde humid-

ity information becomes unreliable and GPSRO holds only

background information from ECMWF short-range (24 h)

forecast fields. The layer above 200 hPa is only shown for

completeness here.

3.2 Global annual mean differences within pressure

layers

Figures 4 and 5 present core results from a detailed quantita-

tive analysis of systematic temperature differences between

RS data and GPSRO data for six representative pressure lay-

ers and for the time period 2002 to 2013. To separate and

make transparent the potential influence of radiosonde type

and GPSRO receiver satellite on the bias, we show differ-

ences between the various types separately as well as the dif-

ferences for the total data set.

Two distinct time periods can be distinguished: 2002 to

2005 with a small number of yearly collocations (gener-

ally in the range of 10 to 100) due to sparse data coverage,

predominately Vaisala RS90 radiosondes, and only GPSRO

CHAMP data available. The temperature differences are rel-

atively large during these first years, especially at high alti-

tudes.

In 2006, the launch of the GPSRO F3C mission, together

with a significant rise in the total number of radiosonde

launches, led to a strong increase in the number of yearly

collocations (up to about 10 000). During this time period

(2006 to 2013), the launch number of Vaisala RS92 had been

increasing significantly while Vaisala RS90 had become less.

Starting in 2009, several hundred collocations per year from

the GRUAN v2 data set became available and are plotted

in addition to the RS data from the ECMWF ERA-Interim

archive.

The top pressure layer shown in Fig. 4 (10 to 30 hPa or

approximately 25 to 33 km) shows the most distinct change

in annual mean temperature difference from 2005 to 2006

compared to the lower atmospheric layers. This feature is in-

vestigated in detail in Sect. 3.3. The mean temperature dif-

ference between RS and GPSRO is 0.5 to 1.0 K before 2006

and reduces to 0.1 to 0.4 K after 2006.

In this altitude region above 25 km, GPSRO becomes in-

creasingly influenced by the background through the high-

altitude bending angle initialization (Steiner et al., 2013).

A residual ionospheric error might also be of importance at

these altitudes (Liu et al., 2013). This error depends on solar

activity, which increased from 2009 to 2013 (Danzer et al.,

2013). At 30 km the residual ionospheric error can amount

www.atmos-meas-tech.net/8/1819/2015/ Atmos. Meas. Tech., 8, 1819–1834, 2015
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Figure 4. Global annual mean temperature differences over 2002 to

2013 between RS and GPSRO for stratospheric pressure layers 10 to

30 hPa (top), 30 to 100 hPa (middle), and 100 to 200 hPa (bottom).

Different RS instrument types and different GPSRO missions (cor-

responding to different receivers) are indicated by different symbols

and colors as summarized in the in-panel legend. RS90RS92 indi-

cates the combined set of RS90 and RS92 instruments. The number

of collocations is shown at the bottom of each panel.

to up to 0.3 K (up to 0.1 K at 20 km) (Schreiner et al., 2011;

Steiner et al., 2011). These systematic uncertainty contribu-

tions (see also Sect. 2.1) are accounted for in the GPSRO un-

certainty bounds in the detailed intercomparisons following

in the next sections (Figs. 6 to 11).

Another distinct feature in this layer is the perceived in-

crease in warm bias from 2008 to 2011. A separate discus-
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Figure 5. Same layout as Fig. 4 but shown for tropospheric pressure

layers 200 to 300 hPa (top), 300 to 500 hPa (middle), and 500 to

800 hPa (bottom), respectively.

sion relating the warm bias to radiation effects is given in

Sect. 3.5.

Furthermore, the number of available radiosonde data

points is decreasing in this layer depending on the average

balloon burst height. For Vaisala RS92, the residual tempera-

ture bias (after correction at the ground station) due to radia-

tive effects is about 0.2 K (Sun et al., 2013), which is likely an

important contribution to the mean bias in Fig. 4 (top panel).

The second layer in Fig. 4 (30 to 100 hPa or approximately

17 to 25 km) lies well within the lower stratosphere (i.e., with

negligible contributions from the troposphere). This is also

part of the range of highest measurement quality for GP-

Atmos. Meas. Tech., 8, 1819–1834, 2015 www.atmos-meas-tech.net/8/1819/2015/
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Figure 6. Global mean temperature differences as function of pressure (and pressure altitude, an approximate altitude scale also added for

convenience) are shown for the years 2005 (left) and 2006 (right), for Vaisala RS90/92 data versus all GPSRO OPSv5.6 data (top), for

Vaisala RS90/92 data versus CHAMP-only GPSRO data (middle), and for Vaisala RS90/92 fixed-station data versus CHAMP-only GPSRO

data (bottom), respectively. The number of collocations is shown in the left subpanels.

SRO. The mean differences are smaller than 0.2 K for most

parts in the data-rich time period after 2006. GRUAN mean

differences are very similar to the RS data for these global

annual means. The larger deviations of GPSRO GRACE and

Vaisala RS90 in 2010, 2011, and 2012 can be attributed to

the increasingly small sample size of these specific data types

(less than 100).

The lowest layer in Fig. 4 and top layer in Fig. 5 (100 to

300 hPa or approximately 9 to 17 km) represent upper tropo-

spheric, tropopause region, and lower stratospheric pressure

levels, depending on latitude and time of the year (Rieckh

et al., 2014). These layers are as well part of the range of

highest GPSRO data quality. Global mean systematic dif-

ferences are generally found very small (< 0.1 K), indicat-

ing excellent consistency of these different reference records.

We consider this a gratifying and very encouraging result for

both techniques, given that we must appreciate that radioson-

des and GPSRO measure the temperature information by en-

www.atmos-meas-tech.net/8/1819/2015/ Atmos. Meas. Tech., 8, 1819–1834, 2015
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Figure 7. Comparison of temperature (top) and specific humidity (bottom) for the GRUAN station in Nauru, Southwestern Pacific. Differ-

ences are shown for GRUAN versus GPSRO (left), RS92 versus GPSRO (middle), and RS92 versus GRUAN (right).

tirely independent measurement principles and very different

observational geometries.

The middle and lower tropospheric layers shown in Fig. 5

(300 to 800 hPa or approximately 2 to 9 km) contain lit-

tle temperature information from GPSRO measurements, but

are dominated by background temperature information from

ECMWF short-range (24 h) forecasts entering the optimal

estimation scheme. This is also discussed in Sect. 3.6. The

change in bias from 2006 to 2013 from approximately −0.2

to 0.1 K might therefore be related to either changes in the

ECMWF IFS (Integrated Forecasting System) background

data over these years or to changes in the bias correction

scheme implemented in the Vaisala RS92 ground stations

(Sun et al., 2013).

GRUAN temperature data are found highly consistent with

GPSRO and RS data throughout all layers, with somewhat

larger differences only in the bottom (300 to 800 hPa) and

top (10 to 30 hPa) layers. The deviations in the top layer are

discussed in more detail in Sect. 3.5.

3.3 Change in temperature difference characteristics

in 2005/06

In order to investigate the distinct change in the global mean

difference of RS vs. GPSRO between 2005 and 2006 (Figs. 3

and 4), we systematically consider possible causes (illus-

trated in Fig. 6), focusing our main interest on the top layer

(10 to 30 hPa).

First we investigate the possible influence of transiting

from CHAMP-dominated GPSRO data in 2005 to F3C-

dominated GPSRO data in 2006 based on the top-row and

middle-row panels of Fig. 6. The top-row panels reveal de-

tails of the change between 2005 and 2006 when all available

GPSRO missions and all RS data are considered. Between

10 and 30 hPa, only less than 100 collocations are entering

the comparison in 2005 (stemming entirely from CHAMP),

while in 2006 this number raises to approximately 4000 with

CHAMP and F3C available. The systematic difference re-

duces from about 1 K in 2005 to 0.1 K in 2006 in this pressure

layer. The middle-row panels only consider CHAMP in both

years. While the number of CHAMP measurements stays

roughly the same for both years, the number of radiosonde

launches increases, resulting in a higher number of colloca-

tions (approximately 400) in 2006. However, the characteris-

tic differences between 2005 and 2006 do not change signifi-

cantly against the top-row panels, indicating that introducing

an additional GPSRO mission (F3C) to the RO data set is

not changing its behavior substantially. This consistency of

GPSRO data from different missions has been demonstrated

in several studies (Foelsche et al., 2009, 2011; Steiner et al.,

2011).

Finally, we investigate the influence of the sample size

on the results. In the bottom-row panels of Fig. 6, we limit

the radiosonde stations used in the comparison to the ones

which have launches in both 2005 and 2006, and collocate

Atmos. Meas. Tech., 8, 1819–1834, 2015 www.atmos-meas-tech.net/8/1819/2015/
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Figure 8. Same layout as Fig. 7, but for the GRUAN station in Tateno, Japan.

only CHAMP GPSRO profiles. The sample size is therefore

comparable in this case for 2005 and 2006; it appears that

there are less than 50 to 100 profile pairs for both years in

the top pressure layer. Other than in the top-row and middle-

row panels, the characteristics of the systematic difference

become similar between 2005 and 2006 in this case. This

indicates that the sample size is the dominating factor of

change between the time period 2002 to 2005 and 2006 to

2013.

3.4 GRUAN stations vs. GPSRO

In this section, we focus on GRUAN data and present com-

parisons of four distinct radiosonde stations for the time

range 2011 to 2013: Nauru (Southwestern Pacific, 0.5◦ S),

Tateno (Japan, 36.06◦ N), Lindenberg (Germany, 52.21◦ N),

and Sodankylä (Finland, 67.37◦ N). These four stations were

selected because they represent a diversity of atmospheric

conditions from tropical to high latitudes and because they

delivered continuous data to the GRUAN archive for almost

the whole time range (Tateno delivered continuous data from

Vaisala RS92 only from June 2011 to July 2013, when they

switched to Meisei RS-11G; the tropical Nauru site closed in

August 2013 and has a smaller sample size), and all four sta-

tions transmit their data through the GTS. The latter aspect

means that they are also available from the ECMWF ERA-

Interim archive and we can investigate differences between

the widely used radiosonde archive at ECMWF and the new

reference data set from the GRUAN archive.

For the following, only those RS profiles entered the com-

parison which also had at least one corresponding profile

from the GRUAN archive for each station and launch time.

We show differences of temperature and specific humidity

between GRUAN and collocated GPSRO, RS and collocated

GPSRO, and between GRUAN and RS consecutively for the

four stations in Figs. 7–10, respectively.

The four station locations represent regions with different

climate regimes, tropics, subtropics, mid-latitudes, and arc-

tic. For all four stations, temperature values are very consis-

tent (within 0.2 K or less) between GRUAN and RS (top right

panels). Remaining differences are partly related to the dif-

ferent vertical sampling delivered in the two data products,

and to the small number of remaining sample points at high

altitudes. The distinct vertical discontinuities in standard de-

viation and bias of temperature differences indicate that at

the significant levels reported by GTS the difference between

GRUAN and RS becomes negligible.

Both comparisons, of GRUAN with GPSRO and of RS

with GPSRO, show good agreement at lower altitudes and

an increasing positive bias at higher altitudes. Due to the low

number of remaining collocations between RS and GPSRO,

especially for Nauru, Tateno and Sodankylä stations at high

altitudes, the comparisons become very noisy there so that

the bias is difficult to attribute; it essentially stays within the

estimated GPSRO uncertainty range.

For specific humidity, GRUAN data undergo substantial

bias corrections (Dirksen et al., 2014), which is reflected

www.atmos-meas-tech.net/8/1819/2015/ Atmos. Meas. Tech., 8, 1819–1834, 2015
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Figure 9. Same layout as Fig. 7, but for the GRUAN station in Lindenberg, Germany.
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Figure 10. Same layout as Fig. 7, but for the GRUAN station in Sodankylä, Finland.
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Figure 11. Daytime (left) and nighttime (right) differences as function of pressure/altitude of GRUAN versus GPSRO, for temperature (top)

and specific humidity (bottom).

in our results: for the Tateno station, the specific humidity

bias reduces by about 10 % in comparison to the difference

between RS and GPSRO. The dry bias between 800 and

300 hPa amounts to 5 to 30 %. For the Lindenberg station

(with a much higher number of about 1000 collocations), the

humidity error for GRUAN data in comparison to GPSRO is

less than 10 %, which again is around 10 % smaller than the

difference between RS and GPSRO. A similar improvement

can be seen also at the Sodankylä station. A remarkable ex-

ception is the tropical station in Nauru, where there is no vis-

ible bias between RS and GRUAN below 400 hPa, and a dry

bias is only emerging above. The difference between RS and

GPSRO profiles for Nauru comes from a very small sample

size and is only shown for completeness.

In summary, our results underline the quality of the

GRUAN data, with a particular improvement in humidity

values.

3.5 GRUAN/RS day and night vs. GPSRO

Biases in radiosonde temperature data occur mainly due to

radiation effects (e.g., Luers and Eskridge, 1998; Sun et al.,

2013), typically leading to a warm bias during daytime from

incoming solar radiation and to a cold bias during nighttime

due to long-wave radiation emitted from the temperature sen-

sor. The humidity measurement is also affected by radiation

and results in a dry bias during daytime, most likely caused

by solar heating of the sensor, which results in reporting

a lower humidity (Vömel et al., 2007).

Radiosonde manufactures usually implement their own

correction algorithm for radiation errors, which is applied at

the ground station before the data are transmitted. These cor-

rections might change over time and will introduce discon-

tinuities in the data stream (for Vaisala, see the “Sounding

Data Continuity” page on www.vaisala.com).

The GRUAN processing implements a radiation correc-

tion (described in detail in Dirksen et al., 2014). In this

section, we compare day and night soundings with collo-

cated GPSRO profiles to quantify the residual radiation bias.

In Fig. 11, we use all available GRUAN RS92-GDP v2

soundings between 2011 and 2013 and its collocated GP-

SRO profiles and split the validation in daytime (left pan-

els; within 10 a.m. and 2 p.m.) and nighttime (right panels;

within 10 p.m. and 2 a.m.). At nighttime, the bias compared

to GPSRO stays below 0.2 K throughout the whole altitude

range. At daytime however, a distinct warm bias emerges of

up to 0.5 K at high altitudes. Assuming the likely cause that

the daytime radiation effects are not sufficiently corrected,

this indicates that above about 25 km, the daytime radiation

correction of the GRUAN v2 temperature data leaves in av-

erage a warm bias of about 0.3 K.

www.atmos-meas-tech.net/8/1819/2015/ Atmos. Meas. Tech., 8, 1819–1834, 2015
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Figure 13. Dry (left) and physical (middle) seasonal mean temperature differences of RS versus GPSRO, and the difference of these two

(right), for winter (DJF, top) and for summer (JJA, bottom) for the seven-years mean 2007 to 2013.

Further investigation of the time-dependent radiation-

induced bias for both GRUAN and RS is presented in Fig. 12.

The increase of warm bias for the 10 to 30 hPa layer from

2008 to 2011 shown in Fig. 4 (top layer) is visible in both

day- and nighttime comparisons of RS and GPSRO. The dif-

ference in warm bias between day- and nighttime sound-

ings ranges from 0.2 to 0.5 K. The GRUAN temperatures

show very good agreement to GPSRO for nighttime (as de-

scribed above), and a distinct warm bias during daytime. For

Atmos. Meas. Tech., 8, 1819–1834, 2015 www.atmos-meas-tech.net/8/1819/2015/
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GRUAN data, the warm bias shown in Fig. 4 (top layer)

stems therefore mainly from daytime sampling.

The specific humidity bias compared to GPSRO shows,

in terms of daytime vs. nighttime difference, only a slightly

pronounced dry bias during daytime (Fig. 11 bottom). This

indicates that for humidity there occur no appreciable differ-

ences between daytime and nighttime GRUAN radiosonde

data.

3.6 GPSRO physical temperature compared to dry

temperature

In this study the GPSRO physical temperature output of

the optimal estimation scheme of OPSv5.6 is predominately

used. As noted above, the physical temperature will diverge

significantly from the GPSRO dry temperature measurement

at low altitudes, where the background information domi-

nates in the optimal estimation scheme (Scherllin-Pirscher

et al., 2011a; Danzer et al., 2014). Dry temperature, while not

a physical parameter, does not need background information

in the GPSRO retrieval process and is a valid measure for

physical temperature as long as moisture is negligible. In re-

gions in the atmosphere where this condition is met, dry tem-

perature will be equivalent to physical temperature. In this

section, we use the comparison to observational (RS) tem-

perature data to determine where we can safely assume them

to be equivalent. For a thorough investigation of this ques-

tion using model data as reference see Danzer et al. (2014).

An initial illustration based on monthly climatological fields

was included in Scherllin-Pirscher et al. (2011a).

In Fig. 13 we present seasonal means for the time period

2007 to 2013 and two seasons, DJF (northern winter) and JJA

(northern summer). Dry temperature (left) is, up to residual

noise, always lower than physical temperature, which is well

visible. In the tropics, where the moisture content is highest,

dry temperature differences to radiosonde temperatures reach

0.4 K at 200 hPa (approximately 11 km) and then further in-

crease downwards. Essentially above the 100 hPa pressure

layer, at around 15 km, the difference between dry and physi-

cal temperature becomes negligible, i.e., buried within noise.

Between 100 and 200 hPa, differences are relevant only at

tropical latitudes and amount to less than 0.1 to 0.3 K. In the

extratropics, the dry temperature stays very close to the phys-

ical one down to well below 300 hPa.

The intercomparison of the physical temperature (mid-

dle) shows that the optimal estimation works well also deep

into the troposphere; the GPSRO temperature generally stays

close to the RS temperature, within about 0.2 to 0.5 K, down

towards the boundary layer near 800 hPa. This reflects the

quality of the ECMWF short-range temperature forecasts in

the troposphere, which dominate the GPSRO physical tem-

perature in the altitude regions where dry temperature signif-

icantly deviates from physical temperature.

The difference between physical and dry GPSRO tempera-

ture (right) summarizes the results above. In the WEGC GP-

SRO retrieval, the retrieved physical temperature is essen-

tially equal to the dry temperature above 100 hPa (deviating

less than 0.01 K; see Sect. 2.1).

4 Conclusions

In this paper, we use 12 years of GPSRO measurements, col-

located radiosonde soundings from Vaisala RS90/92 sensors,

and 5 years of the RS92 GRUAN data product (RS92-GDP)

version 2, to rigorously intercompare temperature and hu-

midity data for these three upper-air observational data sets.

While the Vaisala RS90/92 data set from the ECMWF ERA-

Interim archive is part of the traditional, widely used global

radiosonde network with its known deficiencies for long-

term climate applications, both GPSRO and GRUAN claim

to be of reference quality and suitable for climate research.

We find generally very good agreement between all three

data sets, with global annual mean temperature differences of

less than 0.2 K in most analyzed altitude regions over the tro-

posphere and lower stratosphere. In the top layer of our study

domain (10 to 30 hPa), temperature differences are larger (up

to 0.5 K). Day/night comparison of GRUAN data with GP-

SRO indicates that this difference is partly related to the well-

known radiosonde radiation bias at high altitudes. This in

turn indicates that there is still work to be done to enable

reliable stratospheric climate studies with radiosondes.

Potential GPSRO residual errors at these altitudes have

also to be taken into account. These errors result mainly from

the downward-propagating influence of background informa-

tion from the high-altitude initialization. Efforts on process-

ing improvements to minimize these errors are ongoing and

will further narrow the GPSRO uncertainty estimates in the

25 to 35 km layer.

For temperature validation studies with GPSRO one has

to be aware of the difference between the GPSRO-specific

dry temperature parameter (directly useful as temperature in

dry-air with negligible moisture) and physical temperature.

The latter includes background information (from ECMWF

short-range forecast fields) in the lower and middle tropo-

sphere. In the tropics at 200 hPa, the difference of GPSRO

dry temperature to RS is about 0.4 K, further decreasing up-

wards and decreasing towards the extratropics where differ-

ences remain less than 0.2 K to well below 300 hPa.

For specific humidity, Vaisala RS90/92 data show a dry

bias of up to 40 % in the troposphere, with a smaller bias at

lower altitudes within 15 % and generally a very large SD.

The median is negative throughout the whole altitude range;

it starts at close to 0 % in the lower troposphere and reaches

about −25 % at 300 hPa.

GRUAN, with its substantial humidity bias correction

scheme, shows a marked improvement in the dry bias com-

pared to the “raw” Vaisala RS92 data, taking GPSRO as ref-

erence. At the GRUAN lead station Lindenberg, specific hu-

midity agrees within 5 % with GPSRO up to 300 hPa. At the

tropical GRUAN station (Nauru), the Vaisala RS92 humidity
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data is in good agreement with GRUAN, indicating that the

dry bias might be smaller in the tropical regime.

Using three GPSRO missions with a significantly different

number of profiles also helped to analyze the influence of the

number of collocations (sample size) on validation results,

which was found to be the major reason for the qualitative

improvement in the degree of agreement between the data

sets as of 2006. Before 2006, in the CHAMP-only time pe-

riod, it is difficult to get a sufficient number of collocations

with radiosonde launches, and comparison results become

statistically robust only after the launch of the COSMIC mis-

sion.

This points to the urgent need of a continuation of GPSRO

missions with a sufficient number of GPSRO observations,

at least 20 000 events per day is considered a required num-

ber for climate and other applications, including at regional

scales. Likewise the current sampling by GRUAN stations is

very sparse and a swift extension of the GRUAN network

to its intended size of several dozen stations worldwide is

highly desirable.

Climate applications using data from the global ra-

diosonde network face difficulties how to interpret the data

due to the large number of different radiosonde types, the

varying error characteristics, insufficient global coverage,

and instrument biases. Reference data to anchor these mea-

surements are therefore of great importance. The GRUAN

effort is a vital contribution to this goal, with their data ad-

hering to the climate monitoring principles stated by GCOS.

GPSRO adds to that global coverage and stratospheric extend

and, as an observing system independent from radiosondes,

serves as another fundamentally needed source of thermody-

namic reference in the free atmosphere.

Overall very good agreement is demonstrated by this

multi-year intercomparison of GPSRO and radiosonde refer-

ence data sets. This strongly encourages further development

and advancement of both systems for the benefit of future cli-

mate monitoring and research.
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