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Abstract

The GCOS Reference Upper Air Network (GRUAN) data processing for the Vaisala
RS92 radiosonde was developed to meet the criteria for reference measurements.
These criteria stipulate the collection of metadata, the use of well-documented correc-
tion algorithms, and estimates of the measurement uncertainty. An important and novel
aspect of the GRUAN processing is that the uncertainty estimates are vertically re-
solved. This paper describes the algorithms that are applied in version 2 of the GRUAN
processing to correct for systematic errors in radiosonde measurements of pressure,
temperature, humidity, and wind, as well as how the uncertainties related to these er-
ror sources are derived. An additional GRUAN requirement for performing reference
measurements with the RS92 is that the manufacturer-prescribed procedure for the
radiosonde’s preparation, i.e., heated reconditioning of the sensors and recalibration
during ground check, is followed. In the GRUAN processing however, the recalibration
of the humidity sensors that is applied during ground check is removed. For the domi-
nant error source, solar radiation, laboratory experiments were performed to investigate
and model its effect on the RS92’s temperature and humidity measurements. Daytime
temperature profiles for GRUAN and Vaisala processing are comparable and consis-
tent within the estimated uncertainty. GRUAN daytime humidity profiles are up to 15%
moister than Vaisala processed profiles, of which two-thirds is due to the radiation dry
bias correction, and one-third due to an additional calibration correction. GRUAN hu-
midity profiles and those measured by frost point hygrometers (CFH and NOAA FPH)
agree to within 15 % in the troposphere.

1 Introduction

For decades radiosondes have proven extremely successful in delivering essential in-
formation on the state of the atmosphere by measuring high vertical resolution profiles
of temperature, water vapor, wind and pressure up to about 40 km. These data provide
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important initializations to numerical weather prediction models, and are also very valu-
able for the validation of satellite observations. With approximately 1000 radiosondes
being launched around the world each day, this constitutes a vast and valuable set of
data which has great potential for climate research. Profile data from radiosoundings
are motivated largely by short-term applications such as (numerical) weather predic-
tion. Frequent changes in the design and characteristics of radiosondes by their man-
ufacturers has unfortunately introduced jumps and drifts in data records that hinder
long-term trend analysis (Elliott and Gaffen, 1991). Furthermore, differences between
radiosondes from different manufacturers complicate the comparison of data records
from different sources (Moradi et al., 2013). It remains a major challenge to make ra-
diosounding records suitable for long-term climate monitoring and trend detection. Sev-
eral attempts have been undertaken to homogenize data records from various sources,
such as Dai et al. (2010); Wang et al. (2013), by shifting segments of a time series to
remove discontinuities, although this method of homogenization may introduce biases
in the data record.

In order to detect and study trends in essential climate variables (ECV) like tem-
perature and humidity the instrumental long-term stability should be better than 0.1 K
and 2 % RH for the temperature and humidity measurements, respectively (GCOS-112,
2007). For this purpose the GCOS Reference Upper-Air Network (GRUAN) was estab-
lished, with the goal of creating a network of selected sites around the world where
reference measurements of the upper atmosphere are performed (Seidel et al., 2009).
Immler et al. (2010) laid out the definition for a reference measurement, that requires
traceability, full metadata description and the best possible characterization of mea-
surement uncertainties. Traceability means that measurement conditions and opera-
tional procedures are documented and that the calibrations and corrections, which are
applied in the data processing, are properly documented and disclosed to the scientific
user. Traceability also means the application of a manufacturer-independent ground
check to detect possible instrument changes and to independently assess the calibra-
tion uncertainty. Black-box software or proprietary algorithms should never be used in
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reference observations. The philosophy behind these requirements is to enable future
reprocessing if improved corrections become necessary, and to prevent the inclusion
of manufacturer-dependent biases in climate records. A GRUAN data product must
be open, documented in peer-reviewed literature, traceable to Sl standards, and must
contain best possible estimates of the measurement uncertainties. An important and
unique aspect of a GRUAN product is that the uncertainty estimates are given for each
datum of a collection, i.e., uncertainties are vertically resolved for profiles and tempo-
rally resolved for time series.

In this paper we present the GRUAN data processing methods (version 2) for the
Vaisala RS92 radiosonde. The RS92 was introduced in 2003 and currently has a global
market share of approximately 30 %. Numerous studies and field campaigns have in-
vestigated its performance and accuracy.

This paper is structured as follows: Sect. 2 discusses the treatment of uncertainties,
Sect. 3 gives a brief overview of the Vaisala RS92 sonde. An overview of the set-up of
the GRUAN data processing is given in Sect. 4. The corrections for temperature and
humidity are discussed in Sects. 5 and 6, respectively. In Sect. 7 GRUAN-processed
data is compared to profile data processed by Vaisala software, as well as to frost point
hygrometer data. The measurement of the geopotential height is discussed in Sect. 8,
and the processing of wind data is the subject of Sect. 9. Finally, Sect. 10 presents
a summary and recommendations.

2 Errors and uncertainties

For the treatment of errors and uncertainties we follow the approach outlined in the
“Guide to the expression of uncertainty in measurement” by the working group 1 of the
Joint Committee for Guides in Metrology (GUM, 2008, hereafter). Following their defi-
nition, an error is the difference between the measured value and the “true” value of the
measurand, resulting from imperfections in the measurement. The uncertainty is an es-
timate of the standard deviation and characterizes the range of values (dispersion) that
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can be expected for a measurement. For normally distributed errors the standard de-
viation is given as 10, which represents 67 % of the distribution. (20 and 3o represent
95 % and 99.7 % of the distribution, respectively).

Measurement errors can be classified as random or systematic. The effect of a ran-
dom error can be reduced by increasing the number of measurements, and its average
value will asymptotically approach zero. A systematic error, however, will persist re-
gardless of the number of observations, introducing a bias to the measurement. An
example of a random error is the noise of the temperature sensor readings, whereas
an example of a systematic error is the warm bias introduced by daytime heating of
the temperature sensor by solar radiation. Systematic errors typically persist among in-
dependent but repetitive measurements, thereby introducing biases in long-term data
records. When systematic errors are properly characterized they can be removed with
confidence, which reduces the uncertainty of the measurement. However, since correc-
tions are never exact for varying conditions, the correction itself may introduce a new
random error, and a residual uncertainty associated with the correction will remain.

The classification into random and systematic errors is closely related to the terms
uncorrelated and correlated uncertainties, respectively. Uncorrelated uncertainties can
be reduced by increasing the number of observations. This is not the case for corre-
lated uncertainties that stem from systematic errors because the repetition of a biased
measurement does not reduce its uncertainty. The majority of the GRUAN corrections
for the RS92 data processing aim to reduce systematic errors in the measurements,
and the associated uncertainties are correlated.

Smoothing or filtering can reduce the noise of an individual radiosounding profile, but
these only remove random errors. Correlated uncertainties due to systematic errors
will persist in the smoothed profile. The statistical noise of a profile before smoothing
represents the uncorrelated uncertainty. A mathematical description of uncertainties is
given in Appendix A.

An important aspect of the GRUAN data product is the availability of a vertically
resolved best-estimate uncertainty. Comparisons with other instruments are essential

3731

AMTD
7, 3727-3800, 2014

GRUAN RS92 data
processing

R. J. Dirksen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

in identifying and possibly quantifying systematic errors. Measurement redundancy is
important for the long-term monitoring of the data quality and during changes of mea-
surement system and/or operations procedure.

3 Description of the RS92 radiosonde

The Vaisala RS92 radiosonde measures vertical profiles of pressure, temperature, and
humidity (PTU) from ground to the balloon burst altitude limit of approximately 40 km.
The RS92 is equipped with a wire-like capacitive temperature sensor (“Thermocap”),
two polymer capacitive moisture sensors (“Humicap”), a silicon-based pressure sen-
sor, and a GPS receiver to measure position, altitude and winds. The RS92 transmits
sensor data at one-second intervals, that are received, processed and stored by the
DigiCora ground station equipment.

A hydrophobic, reflective coating is applied to the sensor boom and the temperature
sensor to reduce the RS92’s sensitivity to solar radiation, and to reduce the deposition
of water or ice when flying through clouds.

The GPS receiver on the RS92 transmits its position as xyz coordinates in the WGS-
84 system. These xyz coordinates are then converted into latitude, longitude and alti-
tude data by the DigiCora system, while using the readings of the station GPS antenna
as a reference for determining the geometric altitude of the radiosonde.

The Humicap consists of a hydro-active polymer thin film as dielectric between two
electrodes applied on a glass substrate (Salasmaa and Kostamo, 1975; Smit et al.,
2013). The humidity sensors are not covered by protective caps, but they are alter-
nately heated to prevent icing. This heating of the humidity sensors is switched off
below —60°C, or above 100 hPa, whichever is reached first. Humicaps show good per-
formance over a wide range of temperatures, but suffer from systematic errors such as
dry bias due to solar radiative heating and a response lag below —40°C. Calibration
of the Humicap sensors is performed in Vaisala’s CAL-4 calibration facility, at humidity
conditions ranging from 0 to 90 %, using Sl traceable dew point meters and with an
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accuracy of 1% RH (Vaisala, 2002). The respective operating ranges and accuracies
of the PTU sensors are: 3 (+0.6) to 1080 (x1) hPa, —90 (+0.5) to 60 (x£0.5)°C and 0
(£5) to 100 (+5) % RH, respectively (Vaisala, 2007).

Corrections reduce errors in the temperature and humidity due to solar radia-
tion, time-lag of the RH sensor, and sensor recalibration during the pre-flight ground
check. Furthermore, corrections are applied for spurious noise like temperature spikes
(Shimizu and Hasebe, 2010). Most of these correction algorithms are proprietary and
are not disclosed to the user. An overview of relevant modifications in the RS92 hard-
ware and the processing software is available at the Vaisala data continuity website
(Vaisala continuity website, 2013).

The RS92 has participated in a number of campaigns and intercomparisons (White-
man et al., 2006; Nash et al., 2006, 2011; Calbet et al., 2011; Leblanc et al., 2011;
Bock et al., 2013). Campaigns have identified error sources for the RS92 such as ra-
diation dry bias (Vémel et al., 2007b), sensor time-lag (Miloshevich et al., 2004), and
a temperature-dependent calibration error for the humidity sensors (Miloshevich et al.,
2006; Vémel et al., 2007b).

3.1 Ground check

The manufacturer’s operational procedure demands that prior to flight a ground check is
performed. During this check the sensor boom is inserted into a calibration unit (GC25)
and the sensors are heated to remove contamination (“reconditioning”). In addition,
a one-point recalibration is applied to the PTU, based on comparing the temperature
and pressure sensors to a PT100 temperature sensor and the station barometer, re-
spectively, and recording the humidity sensor readings in a dry zone over a bed of
desiccant.

3733

AMTD
7, 3727-3800, 2014

GRUAN RS92 data
processing

R. J. Dirksen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3.2 Additional ground check in Standard Humidity Chamber

Since 2006 all RS92’s at Lindenberg observatory are routinely checked using a stan-
dard humidity chamber (SHC) prior to launch. The SHC is a cylindrical vessel which
contains saturated air (100 % RH) above a few cm of distilled water. Supersaturation
is not expected due to the presence of condensation nuclei in the ambient air, this
is supported by the observation that droplets are formed at the walls of the SHC. At
Lindenberg a radiosonde is not used if it shows a bias of more than 5% RH.

We strongly recommend the additional ground check of radiosondes in an SHC for
GRUAN measurements. Currently, the SHC is in use at several GRUAN stations, and
analysis of the SHC measurements showed that one station the reconditioning of the
RS92 was systematically skipped, which lead to a 1-5 % RH dry bias.

Currently, the humidity readings in the SHC only add to the uncertainty budget. A fu-
ture version of the data product may use SHC results to correct the measured humidity
profile. One of the criteria for implementing this SHC-based correction in the GRUAN
processing is a universal use of the SHC within the GRUAN network, which currently
is not fulfilled yet.

4 Data processing

The sounding data and metadata are submitted to the GRUAN database using
a GRUAN provided software tool, the RsLaunchClient (Sommer, 2014), that checks
the completeness and integrity of the metadata. The metadata contain all information
relevant for processing a radiosounding and in addition to all instrument parameters in-
clude information such as payload configuration, balloon-type and weight, and results
of the pre-flight ground checks. This inclusion of metadata complies with the GRUAN
philosophy that sounding data plus extensive metadata constitute a traceable mea-
surement.

3734

AMTD
7, 3727-3800, 2014

GRUAN RS92 data
processing

R. J. Dirksen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The GRUAN processing is based on the uncorrected, one second resolution raw
data contained in the FRAWPTU table for PTU and GPSDCC_RESULT for the GPS
data, which are both contained in the .DC3DB sounding file.

The processing steps are shown in Fig. 1. The left block in Fig. 1 consists of prepar-
ing, collecting and joining the measurement and metadata, so that all relevant param-
eters are available. This involves steps like determining the exact moment of launch,
analysis of the pre-launch checks, calculation of geographical coordinates from the
GPS data, and the merging of the data from both humidity sensors. An important step
in the pre-processing is the reversal of the recalibration of the humidity sensors as dis-
cussed in Sect. 3.1. The GRUAN correction algorithms are indicated in the right block
in Fig. 1, and shows the order in which the corrections are applied. Before and after
the application of the GRUAN corrections, the sounding data are subjected to qual-
ity control (QC), which is discussed in Sect. 4.1. The GRUAN data product is stored in
NetCDF format, and processed soundings that have passed quality control are dissem-
inated through the NCDC ftp-server (www.gruan.org/data). A description of the GRUAN
data product format is given by Immler and Sommer (2014). The current GRUAN RS92
data product is version 2. This was released in September 2012 and the descriptions
in this paper are specific to this version.

4.1 Quality control

The initial quality control verifies that the readings of the PTU sensors during the ground
check are within pre-defined limits before GRUAN corrections are applied. This in-
cludes checking the difference between the two humidity sensors. For the data to be
processed the corrections determined in the GC25 must be less than 1 Kfor T, 1.5hPa
for P, and less than 2% RH for U. In the standard humidity chamber the readings
should be within 5% RH of the ambient humidity. During ground check in the GC25
and the SHC, the difference between U, and U, should be less than 1.5 % RH.

After the GRUAN corrections have been applied, a second quality control step
checks that profile data are within valid ranges, establishes the number of valid data
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points (> 95 %), and ensures that the GRUAN uncertainty estimates are within the
Vaisala-provided uncertainties.

5 Temperature
5.1 Introduction

The temperature sensor of the RS92 radiosonde consists of a temperature-dependent
capacitive sensor (“Thermocap”) (Turtiainen et al., 1995). The sensor wire is covered
with a reflective, hydrophobic coating to reduce solar heating and systematic errors
from evaporative cooling by any water or ice collected during passage through clouds.
With an operating range from —90°C to +60 °C, Vaisala (2007) quotes an accuracy of
better than 0.5 K.

In this section, several sources of error (systematic and random) for the temperature
measurements are discussed together with the respective GRUAN correction algo-
rithms. The dominant systematic error is due to solar radiative heating. Using a heat
transfer model, the radiative error for the RS90 temperature sensor was estimated to be
approximately 0.5K at 35 km (Luers, 1997). This number is comparable to the correc-
tion of up to 0.63 K at 5 hPa that was applied by the DigiCora software in the processing
of RS92 routine soundings until 2010, when this was increased to 0.78 K (Vaisala con-
tinuity website, 2013). The 8th WMO radiosonde intercomparison in Yangjiang, China,
indicates that the RS92 may exhibit a warm bias of up to 0.2K (Nash et al., 2011).
A recent comparison between radiosoundings and spaceborne GPS radio occultation
measurements reports a 1 K warm bias for Vaisala-corrected RS92 temperature pro-
files (Sun et al., 2013).

The GRUAN radiation correction, discussed in Sect. 5.2, relies on laboratory ex-
periments and radiative transfer calculations to estimate the actinic flux on the sensor.
Laboratory work has determined the relation between temperature error and actinic flux
as a function of pressure and ventilation. Other sources of error include temperature
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spikes (Shimizu and Hasebe, 2010) due to patches of warm air coming off the sen-
sor housing and the balloon (Sect. 5.3), evaporative cooling of the wetted sensor after
exiting a cloud (Sect. 5.4), and sensor time-lag (Sect. 5.5). The last two effects are
not corrected because no appropriate correction algorithm is available for evaporative
cooling, although affected data points should be flagged, and the impact of time-lag is
considered negligible.

5.2 Radiation error

During daytime the radiosonde sensor boom is heated by solar radiation, which intro-
duces biases in temperature and humidity. The net heating of the temperature sensor
depends on the amount of absorbed radiation and on the cooling by thermal emission
and ventilation by air flowing around the sensor. Luers (1990) used customized radia-
tive transfer calculations and detailed information on the actual cloud configuration to
accurately compute the radiation temperature error for selected soundings. Such in-
formation on cloud configuration and surface albedo is usually not available for each
individual sounding, and in view of the large amount of data that is collected within
the GRUAN network, the processing makes use of generalized assumptions regarding
these parameters. The radiation error is corrected for every data point of the profile
by estimating the radiation flux on the sensor from pre-calculated radiative transfer
simulations. This is fed to a correction model which contains the sensor’s response to
radiation as a function of flux, pressure and ventilation speed.

5.2.1 Radiation experiments

The sensor’s response to radiation has been measured to determine the radiative heat-
ing correction of the RS92 temperature data. For these experiments the radiosonde
sensor boom is mounted in a custom-built vacuum chamber underneath a quartz plate
lid where it can be illuminated by a known radiation source.
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The experiments are typically performed outdoors, using the Sun as the light source.
The vacuum chamber is oriented perpendicular to the incoming solar rays, and a shut-
ter is used to control the illumination of the sensor. A rotating fan serves to mimic the
ventilation of the sensor during flight, and the pressure can be controlled between 4 hPa
and ambient pressure. Background temperature and pressure inside the chamber are
measured by a second, shaded RS92 sonde. The solar irradiance is measured by an
external pyranometer. The flux on the sensors can be attenuated by placing a grey-filter
in front of the aperture of the shutter. During the experiment the sensor is illuminated
for 30 to 180s, depending on pressure, followed by an equally long cool-down interval
with the shutter closed. This open-and-close cycle is repeated at least four times for
each pressure and ventilation speed. Ventilation speeds of 2.5 and 5ms™' were em-
ployed, with an uncertainty of 1 ms~' due to the unknown characteristics of the flow
around the temperature sensor in our set-up.

Figure 2 shows a typical example of the response of the temperature sensor to so-
lar irradiance at 100 hPa ambient pressure: a quick rise of temperature followed by
a slower leveling off. The initial fast rise is due to the small thermal mass of the sen-
sor. The mechanism behind the subsequent slow rise is not yet fully established. It is
possibly connected to the heating of the sensor boom but it is unclear to what extend
this effect contributes to the heating of the temperature sensor in flight. Here, the radi-
ation temperature error for a certain pressure and ventilation speed is determined from
the difference between the sensor temperature approximately 20 s after opening the
shutter and from the average background level immediately before opening the shutter.

Version 2 of the GRUAN processing relates the measured temperature change AT
to actinic flux /, pressure p and ventilation speed v as:

/
AT(l,p,v)=a-x"  with x = p?v, (1)

with fit parameters a and b. The results of the radiation experiments at various pres-
sures, ventilation speeds and irradiance levels are shown in Fig. 3. A statistical fit to
the data yields a = 0.18(+0.03) and b = 0.55(+0.06)
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5.2.2 Streamer radiative transfer model

To relate the measured temperature error in the laboratory with that encountered during
a sounding, the actinic flux has to be modeled. The total actinic flux onto the temper-
ature sensor in flight is the sum of the direct sunlight and of the diffuse background
which results from light that is scattered by the surface and the atmosphere:

l,=gls+Dy+D, (2)

with /s the solar irradiance, Dy and D, the diffuse downward and upward welling radia-
tion respectively. Due to the fact that the RS92 temperature sensor is a wire rather than
a sphere, the direct solar flux onto the sensor depends on its orientation. The geome-
try factor g accounts for the reduction of the exposed area of the temperature sensor
due to spinning of the radiosonde, which causes the orientation of the sensor wire to
cycle between parallel and perpendicular to the solar rays. Currently, a value of 0.5 is
used for g, but this may change in the next version of the GRUAN processing. The ac-
tinic flux /, is estimated from simulations by the Streamer model (Key and Schweiger,
1998), which is used to calculate /g, Dy, and D, integrated for the visible and near-IR
wavelength range between 0.28 and 4 um for solar elevation angles ¢ = 30, 72, and
90°, and for various cloud scenarios (Table 1). For the cloudy scenario two cloud layers
are included: a wet cloud at the top of the boundary layer and an ice cloud just below
the tropopause region, which is typical for mid-latitude cloudy conditions. However,
this cloud configuration can also be used to correct the radiation temperature error for
soundings performed in other climate regions. In the troposphere the radiation error is
small, meaning that inaccuracies in the altitude of the modeled clouds have only a mi-
nor impact on that part of the temperature profile. In the cloud-free stratosphere, where
the radiation error is key, the uncertainty in the actinic flux is dominated by the cloud
configuration and surface albedo rather than by the altitude of the underlying cloud
layers.

The vertical distributions of water vapor and ozone in the modeled atmosphere
are representative for the mid-latitude case. The fluxes in the output of a Streamer
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model-run are given with respect to reference surfaces parallel to the Earth’s surface,
and consequently the Streamer-calculated solar irradiance represents the component
perpendicular to the Earth’s surface. In order to retrieve the solar irradiance /5 on the
sensor wire the Streamer-calculated solar irradiance has to be divided by sin @, with ¢
the solar elevation angle.

Because radiative transfer calculations are computationally expensive, these are per-
formed in advance for the generalized configurations listed in Table 1, and the simulated
I, values are stored in a two-dimensional look-up table with its dimensions being the
cloud configuration and the solar elevation angle. At a given elevation angle, /, is given
by linear interpolation between the reference points in the look up table with the addi-
tional constraint that /,=0 for ¢ < -5°. At ¢ = -5° the Sun is so far below the horizon
that even at 35 km the radiosonde will not be irradiated.

Figure 4 show that above the tropopause the simulated actinic flux /, is fairly constant
with altitude, due to negligible atmospheric scatter and the absence of clouds in the
stratosphere. The increase of /, with elevation angle largely results from diffuse radia-
tion and radiation reflected from the surface; the solar irradiance remains constant. The
albedo is highly variable due to its dependence on the scene, and therefore is a major
source of uncertainty in the simulated actinic flux. The surface albedo ranges from less
than 10 % for a dark ocean surface up to 90 % for a fresh snow cover, whereas cloud
albedo typically ranges from 40 % to 80 %. The importance of the albedo is illustrated
by the increase of the actinic flux from approximately 1000Wm~2 in the cloud-free
case, to approximately 1600 Wm™2 in the presence of an underlying cloud-layer. This
increase solely results from the increase in upwelling radiation by the highly reflective
cloud-layer.

In the presence of a wet cloud (RH > 99 %) the assumed actinic flux between the
surface and the cloud top is equal to that for the cloudy case; this only concerns
the first few km of the sounding where the radiation temperature error is small. This
method is not employed at higher altitudes where the radiation error is significant, be-
cause relative humidity alone is not a reliable proxy for the presence of ice clouds
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(e.g., super-saturation). Currently no approach exists to explicitly use cloud and sur-
face albedo information (e.g., climatology or coincident satellite observations) in the
correction of the radiation temperature error. Instead, the cloudy and the cloud-free
case represent the lower and upper limit for the actinic flux. Following Sect. 4.4.5 of
GUM (2008), /, is assumed to be the average of the cloudy and the cloud-free case,
and the uncertainty at 10 (k = 1) is given by

U(/a) _ |/a, cloudy ~ ‘a, clear skyl (3)
2V3

Due to spinning of the radiosonde in flight, the solar irradiance on the sensor wire
cycles between zero and maximum. In case of rapid spinning, i.e., more than say 10
revolutions per minute, the temperature rise due to the orientation should average out
and should introduce a mean bias in the temperature profile. Not knowing the instanta-
neous rotational rate leads to an increased uncertainty around the mean radiation bias.
However, if the radiosonde rotates slowly, the orientation of the temperature sensor with
respect to the Sun no longer averages out.

The orientation uncertainty and the associated temperature uncertainty only apply
to the direct solar irradiance /g, because the temperature error from the diffuse (omni-
directional) background remains largely the same regardless of sensor orientation.

5.2.3 Ventilation speed

The correction of the radiation temperature error also depends on the ventilation speed
v. Using the actual ascent rate leads to a more accurate radiation temperature correc-
tion when changes in the ascent speed occur, e.g., the slowing down of the balloon due
to the temperature inversion at the tropopause (Gallice et al., 2011). In the GRUAN pro-
cessing the actual ventilation speed is used, rather than assuming a fixed value. The
actual ventilation speed is the sum of the ascent speed, which is derived from the alti-
tude data, plus an additional contribution due to the sonde’s pendulum motion. The in-
crease of the ventilation due to the pendulum motion is estimated at 1 ms™ (£1 ms'1)
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for 30 m unwinder length, assuming an amplitude of a few meters. Furthermore, an-
other 1ms™" is added to the uncertainty of the ventilation speed as a consequence of
the uncertainty of the flow around the temperature sensor during the radiation exper-
iments, as was discussed in Sect. 5.2.1. The sensitivity of the radiation temperature
correction to the ventilation speed is shown in Fig. 5. At the nominal ascent rate of
5ms™',a speed difference of 2 ms~' leads to temperature errors ranging from 0.1 K at
100 hPa up to 0.2-0.3K at 10 hPa.

5.2.4 Vaisala radiation correction

The Vaisala correction for the radiation temperature error is available as a table for vari-
ous pressures and solar elevation angles (Vaisala continuity website, 2013). In contrast
to the GRUAN radiation correction, Vaisala also corrects for the nighttime cooling of the
temperature sensor through long wave radiative coupling with the cold background.
Until DigiCora version 3.64, released in 2011, the ascent speed was not used in the
correction for the radiation temperature error (Vaisala continuity website, 2013).

5.2.5 Averaged correction

At this stage it is not clear which correction model, GRUAN or Vaisala, is more accu-
rate, therefore the resulting correction for the radiation temperature error implemented
in the GRUAN data product is the average of the two. The comparison of both cor-
rection models, presented in Fig. 6, shows that below 25 km altitude the temperature
correction based on the GRUAN radiation experiments and the Vaisala correction are
similar although the Vaisala correction is consistently < 0.1 K larger than the GRUAN
correction. Above 25 km the GRUAN correction rapidly exceeds the Vaisala correction,
presumably due to a stronger pressure-dependence at low pressures. Still both cor-
rections are consistent, as the Vaisala lies within the uncertainty range of the GRUAN
correction. The wiggles in the GRUAN correction profile are caused by variations in
the recorded ascent speed, which are absent in the straight look-up table provided by

3742

AMTD
7, 3727-3800, 2014

GRUAN RS92 data
processing

R. J. Dirksen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/3727/2014/amtd-7-3727-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Vaisala up to DigiCora version 3.63. In the absence of a GRUAN correction for night-
time measurements the Vaisala correction is used instead.

5.3 Temperature spikes

Spikes in the daytime temperature profile may result from air being heated by the ra-
diosonde package, and possibly from passing through the warm wake of the balloon
due to the pendulum motion of the payload (Tiefenau and Gebbeken, 1989; Shimizu
and Hasebe, 2010). In the GRUAN data processing these temperature spikes are iden-
tified and removed from the profile in a two-step filtering process. First the temperature
profile is smoothed by applying a low-pass digital filter with a cut-off frequency of 0.1 Hz.
Subsequently, data points for which the difference between the smoothed and the un-
smoothed temperature exceeds a threshold, are classified as spikes and are removed
from the profile. This threshold is based on the statistical standard deviation of the
smoothed data, using Eq. (A5). After the removal of these outliers the smoothing fil-
ter is applied again, and the spikes are replaced by interpolated, values. Temperature
spikes are only an issue at lower pressures, therefore the spike removal algorithm is
applied to data above the 500 hPa level, and in the current version of the algorithm only
warm spikes are detected and removed.

Due to the low-pass filter the temporal resolution of the temperature profile is re-
duced to approximately 10 s (corresponding to 50 m in the vertical), although the sam-
pling remains at 1s. Figure 7 illustrates the removal of warm spikes from the daytime
temperature profile. In this particular sounding 5 % of the data points were affected by
temperature spikes.

5.4 Evaporative cooling

When the radiosonde flies through a cloud, the temperature sensor will inevitably be
coated with water or ice, which may introduce errors in the temperature measurements
above the cloud due to evaporative cooling. In extreme cases this effect can cause the
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occurrence of apparent superadiabatic lapse rates (SLR) in radiosonde profiles near
cloud tops (Hodge, 1956). Inside the cloud, the condensate on the temperature sensor
is close to equilibrium with the surrounding air so that it is unlikely to affect the temper-
ature measurement. However, after exiting the cloud, condensate starts to evaporate,
leading to evaporative cooling of the sensor until all water or ice has evaporated. The
magnitude and vertical extend of the error due to evaporative cooling are difficult to
quantify as they depend on the unknown amount and phase of the condensate de-
posited on the sensor, and on the temperature and humidity of the ambient air above
the cloud.

Vaisala uses a special hydrophobic coating for the temperature sensor and the sen-
sor boom to make the RS92 less prone to evaporative cooling. Currently, the GRUAN
processing does not correct for this effect. In the next version of the data processing
evaporative cooling will be detected by super adiabatic lapse rates that coincide with
a rapid decrease of humidity away from (near)-saturation. The uncertainty budget will
be adjusted where these SLRs occur.

5.5 Sensor time-lag

The RS92 temperature sensors respond to changes in the ambient temperature with
typical time constants of 1.7s at 3hPa, 1.3s at 10hPa, and < 0.5s below 100 hPa
(Vaisala, 2007). Sensors made prior to 2007 were slightly thinner and responded with
time constants approximately 60 % smaller (e.g., 1s at 3hPa). The response of the
temperature sensor converges exponentially to changes in ambient temperature, and
the time constant is the time needed to to register 63 % of a step change in temperature.
These response times are fast enough to keep the temperature error due to sensor
time-lag below 0.1 K. Therefore, no correction for time-lag of the temperature sensor is
applied in the GRUAN product.
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5.6 Uncertainty budget

The contributing uncertainties, together with their attributed values and their classifica-
tion as correlated or uncorrelated, are listed in Table 2. First, an important correlated
uncertainty is the accuracy of the calibration, which is composed of calibration uncer-
tainty v, = 0.15K (20, k = 2) given by Vaisala (2007), and the temperature difference
during ground check A7gcos.

Ug, apsolute(€al) = \/2 + (ATggo5/3)2 @)

The factor 3 is according to Sect. 4.4.5 of GUM (2008). The uncorrelated uncertainty
of the temperature is given by the statistical uncertainty, determined by the spike re-
moval algorithm (Sect. 5.3). Currently, the data field for the uncorrelated uncertainty in
the product file (u_std_temp) contains the standard deviation instead of the statistical
uncertainty. The latter can be calculated by dividing by VN', with N’ = 11 the effective
sample size of the kernel of the smoothing filter (Eq. A4).

The uncertainty of the radiation correction is comprised of three main sources of
uncertainty: the actinic flux /5, the radiation temperature error correction model, and
the ventilation speed v.

Here the uncertainty in /, is a combination of the unknown orientation of the temper-
ature sensor with respect to the Sun, and the uncertainty in the albedo (Eqg. 3). The
uncertainty of the correction model reflects the uncertainty in the parameters a and b
in Eqg. (1). The total uncertainty in the temperature correction is the geometric sum of
the squared individual uncertainties.

Total uncertainty in Fig. 8 increases progressively with altitude, a result of the fact
that the radiation correction and its associated uncertainty increases with decreasing
pressure. Up to approximately 15km the total uncertainty is dominated by the sensor
calibration, but above this altitude the dominant source of uncertainty is the sensor
orientation, together with the correction parameters a and b, and the uncertainty of the
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ventilation speed. The grey shaded area in Fig. 6 shows the uncertainty of the radiation
correction vertically resolved.

The uncertainty associated with the uncorrected error due to the time-lag of the
temperature sensor (Sect. 5.5) is estimated to be less than 0.03K. The uncertainty
associated with smoothing and spike removal (Sect. 5.3) is estimated at 0.05K.

The uncertainty sources that are classified as correlated in Table 2 are correlated in
the vertical, but not all of these uncertainties are correlated over a time series because
the associated errors do not occur at the same altitude in each sounding. The error
due to sensor time-lag depends on the altitudes of temperature inversions, that vary
from sounding to sounding. For daytime soundings the radiation-induced temperature
error above the tropopause mainly depends on ambient pressure and therefore leads
to correlated uncertainties in time series.

5.6.1 Other error sources

The payload configuration may introduce an additional error source. If a radiosonde is
attached to a white styrofoam ozone sonde box this can act as a scattering surface
and enhance the actinic flux on the temperature sensor in the same manner as clouds.
A large object close to the radiosonde may also obstruct the proper ventilation of the
temperature sensor. The GRUAN product does not employ a correction algorithm for
the radiation and ventilation errors related to payload configuration. These errors are
hard to quantify and systematic experimental data to create such a correction on is lack-
ing. Therefore, in addition to the recommendations on the exposure of the temperature
sensor given in chapter 12 of WMO (2008), proper separation between neighboring in-
struments within a payload should be considered, not only to ensure proper ventilation
but also to minimize the additional radiation error. Another effect of large payloads is
the change of the rotation frequency of the rig, which changes the size and shape of
the temperature spikes (Sect. 5.3). The GRUAN spike algorithm removes all tempera-
ture spikes that exceed the threshold, provided the spike duration is short enough to
be detected by the low-pass filter.
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5.7 \Verification

At Lindenberg multiple soundings were performed with two RS92 radiosondes attached
to the same balloon. Usually, these dual soundings were part of a larger scientific
payload for which various configurations were used. These dual soundings are very
useful to verify the uncertainty of the GRUAN product. The flights were screened to
ensure that the RS92 sondes were not located too close to the other instruments,
which could lead to atypical temperature errors due reflected radiation.

Figure 9 compares the measured uncertainty, i.e., the mean of the absolute tem-
perature differences between the two RS92 sondes, and the GRUAN estimated uncer-
tainties. The difference between the modeled and the measured uncertainty increases
with altitude to approximately 0.15K at 30 km. This underestimation of the modeled
uncertainty implies that the random part of the radiation temperature error may not be
fully characterized and described by the correction model. It may also imply that an
unknown error source has been overlooked. The nighttime measurements show good
agreement between the modeled uncertainty and the observed mean difference. Here
the modeled uncertainty solely consists of the reported Vaisala calibration uncertainty.

It is important to realize that this comparison of dual launches only reveals random
errors and systematic biases that differ among individual sondes. Systematic biases
that may affect all RS92 radiosondes equally can only be detected by comparing dual
soundings of different types of radiosondes.

6 Humidity

6.1 Introduction

Three main error sources are known to affect the humidity profile:
— daytime solar heating of the Humicaps introduces a dry bias,

— sensor time-lag at temperatures below —40°C,
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— temperature-dependent calibration correction.

The GRUAN corrections for these errors will be discussed in the following sections.
Following the convention used in meteorology, the humidity is given in %RH over liquid
water.

6.2 Pre-launch preparation and additional ground check

During the pre-launch ground check procedure, the readings of the humidity sensors
over a desiccant in a near 0 % RH environment are used to determine potential drifts
in the calibration of the sensors. The Vaisala DigiCora software subtracts these values
from the measured profile, under the assumption that the desiccant achieves a 0 % RH
environment. At Lindenberg we observed that the RH correction during ground check
usually is less than 0.1 % RH shortly after replacement of the desiccant and over time
gradually increases to at most 1% RH before it is replaced again, as is illustrated in
Fig. 10. This indicates that the RS92 humidity sensor is able to measure the degrada-
tion of the desiccant, which implies that the assumption of 0 % RH over the desiccant is
not valid, and this reading should not be used for recalibration of the humidity sensor.
The recalibration of the RH sensors with the ground check readings will in fact intro-
duce a systematic bias in the entire humidity profile, especially at tropical sites where
high ambient humidity will quickly degrade the desiccant. The Vaisala GC25 recalibra-
tion of the humidity sensors is not applied in the GRUAN processing but is used in the
quality control (Sect. 4), and is added to the uncertainty budget.

In case an additional, manufacturer-independent, ground check is available, these
readings are also used in the uncertainty budget and as a quality criterion. At the Lin-
denberg station all sondes are routinely placed in a 100 % RH environment in a SHC
for traceability, and to track instrument changes. Figure 11 shows that between 2006
and 2013 the bias of the RS92’s humidity sensor in saturated air changed by almost
4% RH. In the absence of an additional ground check, 2.5 % RH is added to the cali-
bration uncertainty.
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6.3 Calibration correction

As result of the Atmospheric Infrared Sounder (AIRS) Water Vapor Experiment (AWEX)
campaign, Miloshevich et al. (2006) reported a temperature-dependent bias in night-
time RS92 humidity data that can not be attributed to radiative heating or time-lag of
the humidity sensor. Using comparison with data from the cryogenic frost point hy-
grometer (CFH) Vémel et al. (2007b) estimated that this dry bias can be as large as
9 % of the measured humidity. This dry bias and predominantly occurs between —40°C
and -60 °C, with a peak at approximately =50 °C. The GRUAN processing corrects this
dry bias by multiplying with a correction factor which follows from linear interpolation
between the reference points given in Table 3. These values, derived from CFH-RS92
comparisons performed at Lindenberg, Sodankyld, and Yangjiang, are similar to the
values given by Vémel et al. (2007b). The calibration correction is applied prior to the
corrections for the radiation dry bias and the time-lag.

6.4 Radiation dry bias

Solar radiation heats the humidity sensors and introduces a dry bias, because inside
the warm sensor the relative humidity is lower. Similar to the radiation error of the
temperature sensor, the dry bias increases with altitude. The relative error due to the
radiation dry bias can range from 9 % at the surface to 50 % at 15km (Vémel et al.,
2007b). The same approach as for the temperature is used to estimate the heating of
the humidity sensor as a function of flux, pressure and ventilation speed. The measured
profile RH,, is multiplied with a correction factor, derived from the ratio of the saturation
vapor pressure pg over water in the heated sensor and in the ambient air.

po(T +fAT)
ps(T)

where RH_ denotes the corrected humidity, 7 + fAT represents the (estimated) tem-
perature of the humidity sensor, and py is calculated according to Hyland and Wexler
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(1983). AT is calculated from the estimated actinic flux /,, using Eq. (1). The factor
accounts for the higher sensitivity of the humidity sensors to radiative heating than the
temperature sensor. From the comparison of daytime RH profiles from RS92 and CFH
reported by Vémel et al. (2007b) it is estimated that the Humicap’s sensitivity to solar
heating is approximately 13 (+3) times that of the temperature sensor.

In 2006 Vaisala modified the coating on the underside of the sensor boom, and in
2009 a reflective coating was applied to the contacts of the humidity sensors (Vaisala
continuity website, 2013). The corresponding batch numbers for these production
changes are given at Vaisala continuity website (2013). Both changes reduced the
radiation sensitivity of the humidity sensors. This is shown in Table 4, which lists the
value of f for various production years, based on radiation tests performed at Linden-
berg. For the currently produced RS92 radiosondes a value of 6.5 is used for f.

6.5 Time-lag correction

The response of polymer humidity sensors slows with decreasing temperature, rang-
ing from less than one second at +20°C to several minutes at —80°C. This results in
flattening and smoothing of gradients and any structure in the humidity profile at colder
temperatures. Time-lag of the RS92 humidity sensors starts to be significant at —40°C,
where the response time is approximately 20 s, which decreases the radiosonde’s ver-
tical resolution to more than 100 m. The time-lag introduces correlated errors in the
upper troposphere and tropopause region, and strongly affects the reliability of strato-
spheric profiles.

Miloshevich et al. (2004) present tables of the humidity sensor’s time constant be-
tween —60°C and +25°C that were determined in laboratory experiments performed
by Vaisala. In the same paper, a correction algorithm for the time-lag is proposed that
is based on the numerical solution of the exponential growth-law equation (Egs. 2—4
by Miloshevich et al., 2004). In the GRUAN correction algorithm, which is inspired
by Miloshevich et al. (2004), the time-lag is represented by a low-pass filter with an
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exponential kernel

i

)

-t
Tj

Y)_oRH exp (

z;-=0 exp (t/T l‘i)

i

RH™ = (6)

with RH™ the measured humidity, RH? the true ambient humidity, 7 the temperature-

dependent time constant, and time t. The time-lag corrected ambient humidity RH?*
follows from inverting Eq. (6),

a’ m < m a" tj=1;
RHZ =RH! + > (RH] — RH )exp o (7)
j=0

The relation between time constant 7 and temperature T (°C) is approximated by
T=A-exp(co+cq-T) (8)

with the parameters A =0.8, ¢y =-0.7399, ¢, = -0.07718 as given in Fig. 1 by
Miloshevich (2011), and the uncertainty in 7 is estimated by

u(t) =0.5-7(1 - A) 9)

Itis assumed that the time constant is the same for increasing and decreasing humidity.

The numeric inversion by Eq. (7) amplifies both real effects and noise. The noise is
removed by a low-pass digital filter, and its impact on the uncertainty is added to the un-
certainty budget. The cut-off frequency £, of the low-pass filter is inversely proportional
to the time-lag constant.

fo= g and f, <0.1Hz (10)
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The factor 3 prevents the removal of genuine structures in the time-lag corrected hu-
midity profile when 7 is large. Using a higher cut-off frequency (i.e., using a factor larger
than 3) would enhance the structures and increase the temporal resolution of the hu-
midity profile, at the cost of increasing the noise of the profile as well. An important
consequence of applying the low-pass filter is that it decreases the temporal resolution
of the humidity profile to 10 s or more, depending on the value of 7.

Figure 12 illustrates the impact of time-lag at temperatures below —50°C. A tropi-
cal sounding is displayed because the low temperatures in tropopause region cause
a strong time-lag effect. In comparison with a coincident CFH sounding, the uncor-
rected RS92 humidity profile above 12.5km is smoother, and structures that are still
resolved by the CFH begin to disappear. The left panel of Fig. 12 also shows how the
time-lag correction restores these structures, and the corrected humidity profile shows
good agreement with the CFH profile.

6.6 Uncertainty estimates

An overview of the various sources that contribute to the uncertainty budget of the
humidity profile is given in Table 5 and shown in Fig. 13.

6.6.1 Instrument calibration

The calibration uncertainty is a correlated uncertainty which applies to the entire profile.
It consists of an absolute and a relative part, and it is determined from the uncertainty
specified by Vaisala and from the sensor readings in the GC25 and the SHC (if avail-
able). The GC25 RH reading, although not applied to the correction, contributes to the
calibration uncertainty u; apsoute(cal)

Us, apsolute(€al) = \/U2 + (AU, /3)2 + (U /3)% + (Us = U2 g + (Us = UnVoyyg (11)

Here u, denotes the Vaisala specified calibration uncertainty of 1% RH at k =2, AU,
the recalibration of humidity sensor U,, AU, the recalibration of humidity sensor U,,
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(Uq = Us)geos the difference between the humidity sensors during ground check, and
(Uy = Uy)ghc the difference between the humidity sensors in the SHC. The division of
AU, and AU, with factor 3 is according to Sect. 4.4.5 of GUM (2008).

The relative calibration uncertainty is set to 2.5 %, but if an additional ground check
in the SHC is performed it is determined from the sensor readings in the SHC

Ug, relative(Cal) = \/(U1 = Ushc)? + (U2 = Ushc)?/Usic (12)

with Ugyc = 100 %. The total calibration uncertainty U,(cal) is the geometric sum of the
absolute and the relative parts and is expressed as

Uc(CaI) = \/Uc, absolute(cal)2 + U, relative(cal)2 ’ RH2 (1 3)

with RH the observed humidity profile. In case no ground check is performed, the cal-
ibration uncertainty defaults to 4 % RH. The right panel of Fig. 13 shows that the cali-
bration uncertainty (black) is an important contributor to the total uncertainty (grey) of
the humidity measurement. It dominates in the lower, warmer, part of the profile where
the GRUAN corrections are relatively small, and above the tropopause, where the hu-
midity has dropped to the low levels that prevail in the stratosphere. In the stratosphere
the calibration uncertainty of the RS92 is comparable to the relative humidity, which
renders the RS92 stratospheric humidity measurements statistically indistinguishable
from 0 % RH.

6.6.2 Calibration correction

The correlated uncertainty associated with the temperature-dependent calibration cor-
rection u(cc) is given by

ulfy)

cc

RH* (14)

Us(co)
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Here £, represents the calibration correction factor, u(f..) the uncertainty in f.,, and
RH" the calibration-corrected relative humidity. Table 3 shows that the uncertainty as-
sociated with the calibration correction is approximately equal to the correction itself.

6.6.3 Radiation dry bias correction

The correlated uncertainty associated with the dry bias correction consists of two com-
ponents, with the first component due to the uncertainty in the estimate of the radiation
temperature error, and the second due to the uncertainty in the radiation sensitivity
factor f.

Ps(T + F(AT + u(AT))) — ps(T + F(AT — u(AT))

2- ps(T)
Ps(T + (f + u(f))AT) — ps(T + (f — u(f))AT)

2'ps(T)

Here RH,, is the measured humidity, 7 the ambient temperature, and p; is the satura-
tion vapor pressure over water according to Hyland and Wexler (1983). The uncertainty
of the radiation temperature error u(AT) was discussed in Sect. 5.6 and equals the ge-
ometric sum of the uncertainty contributions listed in that section. The uncertainty in
the radiation sensitivity factor u(f) is given in Table 4. The resulting total uncertainty
of the dry bias correction is given by the geometric sum of u,(RH;) and u (RHy). The
blue trace around 10—17 km in the middle and right panels of Fig. 13 shows that the
absolute uncertainty due to the dry bias correction is largest near the tropopause.

Uo(RCy) = RHy, (15)

u.(RCs) = RH, (16)

6.6.4 Time-lag correction

The uncertainties associated with the time-lag correction function are:

— the correlated uncertainty due to the uncertainty in the time constant u(7), is eval-
uated as the difference between time-lag correction profiles calculated with 7+ u(7)
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and 7 - u(T1)
UL = 0.5-|RH(7 + u(7)) — RH(T - u(7))| (17)
with the uncertainty u(7) given by Eq. (9)

— the uncorrelated uncertainty of the time-lag correction equals the statistical un-
certainty (Eqg. Ab) that is calculated as part of the smoothing step in the time-lag
correction

The statistical uncertainty of the time-lag correction is approximately one to two times
larger than the uncertainty due to u(7), and peaks at approximately 3% RH in the
coldest part of the profile.

The middle panel of Fig. 13 shows that for this sounding the time-lag correction
is the dominant correction above approximately 10 km, where it is approximately 2—-3
times larger than the dry bias correction, and up to ten times larger than the calibration
correction. Above the tropopause the time-lag correction and the dry bias correction
work opposite, as the time-lag correction reduces the humidity at that altitude, whereas
the dry bias correction increases the humidity.

The right panel of Fig. 13 shows that the correlated and uncorrelated uncertainties
of the time-lag correction obviously peak where the time-lag correction itself is largest.

7 Comparisons
7.1 GRUAN - Vaisala

In Fig. 14 the GRUAN data product is compared to the Vaisala product (FLEDT, Digi-
Cora software version 3.64, however without the corrections for radiative heating that
were introduced in 2011) for daytime and nighttime soundings performed in Lindenberg
in 2012. The GRUAN profiles used in this comparison have passed the GRUAN quality
control (Sect. 4.1).
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Figure 14 indicates good correspondence of the nighttime temperature throughout
the entire profile, which is expected because for nighttime soundings the GRUAN radi-
ation correction is identical to the Vaisala correction. During daytime the temperature
difference between GRUAN and Vaisala is less than 0.05 K up to 25 km, but increases
above this altitude with the GRUAN temperature more than 0.05 K colder than Vaisala
at 30 km. (See also Fig. 6).

The bottom panels of Fig. 14 shows that the average GRUAN humidity profile is
moister than that of Vaisala. For nighttime measurements the difference increases from
0% at the surface to approximately 5% near the tropopause at 10 km. The sudden
decrease of the GRUAN-Vaisala difference at the tropopause (around 12 km) is due
to the time-lag correction. In other parts of the troposphere the ambient temperatures
either are too high for the time-lag effect to be relevant, or the net effect of the time-lag
correction averages out as a result of the random variation of the humidity gradients
among the measurements.

The comparison of the daytime humidity profiles (lower right panel of Fig. 14) shows
that the difference between GRUAN and Vaisala steadily increases between the sur-
face and upper troposphere. In the troposphere, the daytime difference is approxi-
mately two times larger than at night (7 % vs. 15% at 10km) clearly a result of the
daytime dry bias correction. The leveling off at the tropopause is again the result of
the time-lag correction, and after this the difference increases because of the dry bias
correction. As noted in Sect. 6.6, RS92 measurements of stratospheric humidity are in
principle meaningless because of the 100 % uncertainty of the measured values.

7.2 GRUAN RS92 - frost point hygrometers

RS92 observations are compared to coincident reference measurements from two frost
point hygrometers (FPs), the CFH and NOAA FPH. FPs measures the dew/frost point
of the ambient air with an accuracy of approximately 0.5K and with a response time
between one second in the troposphere and better than 20 s in the stratosphere (Vomel
et al., 2007a). The locations of the sites, at which coincident RS92-FP soundings were
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performed, range from tropical to arctic (Table 6). At Lindenberg, Sodankyla, and Boul-
der dual soundings are performed on a regular basis. The RS92 profiles are processed
by the GRUAN processing system, prior to comparison with the coincident CFH and
FPH measurements. For the Alajuela soundings no .DC3DB data files are available.
Instead edited Vaisala EDT product files are used that contain additional information
on ground check corrections.

Figure 15 shows the comparison of GRUAN RS92 humidity profiles with coincident
FP measurements. The comparison of the daytime data shows good agreement be-
tween GRUAN RS92 data and FP, with relative differences of less than 10 % between
the surface and the tropopause. However, the RS92 data at Boulder for temperatures
below —40 °C exhibit a systematic dry bias of 10-15 % with respect to the NOAA FPH
data. The nighttime comparison shows good agreement between GRUAN RS92 pro-
files and CFH data up to —30°C, with a relative difference less than 10 % for all sites
(nighttime soundings are not regularly performed in Boulder). For reference, the ap-
proximate water volume mixing ratios for the data presented in Fig. 15 are listed in
Table 7 for various temperature levels.

Between —-30°C and -50°C there is a systematic dry bias in the nighttime RS92
data for all sites, which peaks at approximately 5 % around —40 °C. A similar structure
is observed between —30°C and —-50°C in the daytime Lindenberg data, but not for
the other sites. This systematic bias resembles the temperature-dependent calibration
error reported by Vémel et al. (2007b), although the temperature-dependent calibration
correction is already applied in the GRUAN processing.

The spread of the relative difference between GRUAN and FP humidity amounts to
20-25 % in the upper troposphere (around 7 = =60 °C), which is consistent with the
uncertainty of the humidity above 10km (Fig. 13).
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8 Geopotential height

The RS92 is equipped with both a pressure sensor and a GPS receiver, which pro-
vide two independent methods to retrieve the vertical coordinate. The GPS receiver
provides geometric altitude above the WGS-84 reference ellipsoid at an accuracy of
roughly 10-20 m. The accuracy of the pressure sensor is 1 hPa for p > 100 hPa and
0.6 hPa for p < 100 hPa (Vaisala, 2007). For radiosoundings, the vertical coordinate
usually is expressed as geopotential height, due to its suitability for meteorological
models. The geopotential height can be calculated either from the pressure, or from
the geometric altitude. Using these relationships in reverse, the pressure can be also
inferred from the geometric altitude. In accordance with the GRUAN philosophy, this
measurement redundancy is used to determine the vertical coordinate.

The calculation of the geopotential height from pressure measurements is given in
Appendix B.

8.1 GPS-based altitude

For radiosondes equipped with a GPS receiver, such as the RS92, it is possible to
determine the geopotential height from the GPS readings using Eq. (B7). However, we
have discovered that the GPS receiver of the RS92 has accuracy problems (jumps of
several decameters) in the first few kilometers above ground level, presumably due to
interference by GPS signals that are reflected by the surface. Therefore, the GRUAN
processing uses both the pressure and the GPS receiver to construct the altitude scale,
using the highest quality data available in two altitude ranges. Pressure readings are
used at lower altitudes due to its better signal-to-noise ratios at high pressures, and at
higher altitudes the GPS readings are used. The GRUAN processing uses the GPS-
based WGS-84 altitudes, zgpg, that are calculated from the xyz data in the GPS-
DCC_RESULT table. The WGS-84 altitude data are converted to geometric altitude
by calibrating these against the geometric altitude derived from the pressure measure-
ments, instead of calibrating against the station’s GPS receiver as is done in the Vaisala
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processing. This means that the accuracy of the altitude scale is directly connected to
the accuracy of the pressure measurements, and therefore it is essential that reliable
metadata are available concerning the altitude and accuracy of the station barometer,
and the altitude of the GC25 unit.

8.2 GRUAN processing

The GRUAN processing uses the following steps to construct the geopotential height
from the pressure and the GPS data, which will be further explained below.

1. Calculate the geometric altitude z,, from the pressure data.

2. Estimate the noise in z,, and Zgps.

w

Determine the altitude where the noise in z,, exceeds the noise in zgpg (switch
altitude).

Determine the offset between z,, and zgpg at the switch altitude.
Join z,, and zgpg at the switch altitude: z = [z, Zgpg + Offset].

Convert geometric altitude z into a smoothed pressure profile using Eq. (B6).

N o o A

Calculate the geopotential height from the smoothed pressure profile using
Eq. (B3).

This scheme uses the redundant altitude measurements by the pressure and GPS
receiver, and improves the limited accuracy of the RS92 GPS data in the first few
kilometers, as well as the limited accuracy of the pressure sensor near the ceiling
altitude. As a result the geopotential height, the geometric altitude and the pressure
scale are all consistent.

The noise in z, and zgpg is the statistical noise calculated for a 100 point wide
window, using Eq. (A5). This noise represents the random uncertainty in the geometric
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altitudes. Figure 16 shows the noise profiles of z, and zgpg, this illustrates the better
signal-to-noise performance of the pressure sensor in the lower half of the sounding.
The switch between pressure sensor and GPS data (“switch altitude”) occurs at the first
level above 3km where the statistical noise of zgpg, U,(Zgps), €XCeeds the statistical
noise of z,, u/(z,), by less than 20 %. The switch altitude lies mainly between 9 and
17 km. In the profile shown in Fig. 16 the switch altitude is at 15.1 km. The offset has
a typical value of approximately 50 m.

8.3 Corrections and uncertainties

Inaccuracies and uncertainties of the pressure measurements directly affect the ac-
curacy and uncertainty of the geopotential height. The calibration uncertainty of the
pressure sensor is composed of the uncertainty given by Vaisala, and the uncertainty
of the station barometer which is used to recalibrate the pressure sensor during the
ground check. A possible bias of the pressure sensor is determined from the compari-
son with the GPS data, as will be discussed below.

During ground check the pressure sensor is recalibrated against the station barom-
eter. The ratio of the readings of the station barometer and the RS92 pressure sensor
during ground check yields a correction factor ¢ = Pgation/Prsgz,cczs, Which the Digi-
Cora software applies to the entire pressure profile during the data-recording. These
recalibrated pressure data are used in the GRUAN processing.

8.3.1 Uncertainty in launch altitude

The station barometer and launch site may be at different elevations, e.g., at Linden-
berg observatory this altitude difference is approximately 10 m. Therefore the altitude of
the launch site hy is calculated from the pressure difference between the sonde’s first
pressure reading after launch and the simultaneous reading of the station barometer,
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using the hydrostatic equation

Pstation ~ Plaunch
hg = Agtation + 100 "
station PoY (Ngtations Pstation)

Here, v (Astation» Pstation) 1S the local gravity, and p, the air density at the launch site,
which is derived from the sonde’s pressure and temperature reading at launch. The
uncorrelated uncertainty U, (hg) of hg is the geometric sum of the uncertainty of the
station barometer, and the random noise of the pressure sensor at launch u,(p)).

Uu(ho) = \/Ui Iaunch(zp) + (100 ) ur(pl)/(poy(hstations d’station)))2 (1 9)

u,(p,) is determined statistically from 100 pressure readings prior to launch and from
the noise in the lowest part of the pressure-altitude profile, under the implicit assump-
tion that the ambient pressure is stable during the final two minutes before launch. The
uncertainty of the station barometer includes the uncertainty at which its altitude is
known.

8.3.2 Uncertainty of the pressure sensor

The correlated uncertainty of the pressure sensor after the ground check recalibration
is the geometric sum of the absolute calibration uncertainty of the pressure sensor,
U, =0.4hPa (k = 2) (Vaisala, 2007), and the difference between station barometer
and the RS92 pressure sensor during ground check

Us.acas(P) = \/U2, + (BPacas/3)? (20)

The factor 3 in the denominator of Apggos is in accordance with Sect. 4.4.5 of GUM
(2008).
The altitude-dependent bias of the pressure sensor is determined by comparing the
geometric pressure altitude z,, and the re-calibrated GPS altitude zgpg along the entire
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profile, using the barometric equation
YAz
RyT
The bias Ap adds to the correlated uncertainty of the pressure U;(p). Below the switch

altitude Ap is linearly interpolated to the calibration uncertainty U, gco5(0) at the sur-
face.

Ap=p [exp ( ) - 1] with Az = z,, - Zgpg (21)

8.3.3 Uncertainty of the geometric pressure altitude

The uncertainty of the geometric pressure altitude consists of a random and a corre-
lated component, with the random component the statistical noise of z,. The correlated
component follows from evaluating the effect of the bias of the pressure sensor Ap

Uqs(2p) = 0.5 x (z(p + Ap) — z(p - Ap)) (22)

where Eq. (B3) with y(z, ) given by Eq. (B5) is used to calculate the geometric pres-
sure altitude.

The cumulative uncertainty in the geometric pressure altitude follows from geometric
sum of all components

U(2p) = \JUulho)? + u(2)? + Ug(z,)? (23)

where U, (hg) is given by Eq. (19). The uncertainty in the launch altitude and the ran-
dom uncertainty in the geometric pressure altitude are small (< 2m) compared to the
correlated uncertainty U;(z,), meaning that the uncertainty of the geometric pressure
altitude U(z,) basically is determined by the bias of the pressure sensor Ap.

8.3.4 Uncertainty of the GPS altitude

The random uncertainty of the GPS altitude is the statistical noise of zgpg. The cor-
related uncertainty of zgpg is the uncertainty of the recalibration (offset) at the switch
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altitude, which is applied to the entire GPS altitude profile. The uncertainty of this offset
is composed of the statistical uncertainty of z, — zgpg at the switch altitude, u(offset),
and the correlated uncertainty of the geometric pressure altitude at the switch altitude
Ue, switen(Zp)- The cumulative uncertainty of the GPS altitude is given by

Ulzaps) = \/r(Zaps)? + Uc(0ffset)? + Uy guion(2,)2 (24)

The random uncertainty of the GPS altitude is small compared to the correlated un-
certainties. This means that U(zgpg) is nearly constant along the profile, with its value
determined by the uncertainties u,(offset) and U, ¢yitcn(2,) at the switch altitude.

8.3.5 Cumulative uncertainties

The resulting uncertainty profile of the geometric altitude, U(z), is constructed from
U(z,) below the switch altitude, and U(zgpg) above. From this the uncertainty of the
pressure is calculated, using the barometric equation

Va5 P y45-dZ
U = - . -
() Ry-T &P ( Ry-T

) V@) (25)

This is added to the uncertainty of the pressure sensor U, gcos(p) to yield the total
altitude dependent uncertainty of the pressure. The uncertainty of the geopotential
height is identical to the uncertainty in the geometric altitude.

Figure 17 shows that the uncertainty U(z) increases with altitude below the switch
altitude, which reflects the increasing importance of the pressure sensor’s inaccuracy
with decreasing pressure. The uncertainty U(z) at the switch altitude is determined by
the bias of the pressure sensor (Sect. 8.3.3). Above the switch altitude, the uncertainty
is constant and determined by the uncertainty of the offset between the geometric pres-
sure altitude and the GPS altitude at the switch altitude (Sect. 8.3.4). The uncertainty
U(z) at the switch altitude is different for each sounding, and its value typically ranges
from 10 to 50 m.
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9 Wind

The DigiCora system retrieves the zonal and meridional wind vectors, v and v respec-
tively, from the GPS data. In the GRUAN processing, these vectors are smoothed and
converted into wind speed and direction.

The raw data of the vectors v and v are noisy due to the radiosonde’s pendulum
motion and the noise of the GPS data. The noise in v and v is reduced by a low-pass
digital filter, similar to the one employed in the time-lag correction. This smoothing
reduces the temporal resolution of the wind data to 40's, and provides the statistical
uncertainties 6, and &,. This labeling of the uncertainty is used to distinguish it from
the wind vector u.

Using these statistical uncertainties, the uncertainty of the wind direction u(@) is
given by

180 \/6i+6)

26
O A W )
and the uncertainty of the wind speed u(s) by
o) = V (U8, + (v, o)
u? +v?

In case of negligible wind, when v and v approach zero, the value of Eq. (26) be-
comes very large because of factor v in the denominator. For such cases, the absolute
value of u(g) is limited to 180°.

10 Summary and outlook

The GRUAN data product for the Vaisala RS92 radiosonde was developed to meet the
criteria for reference measurements: traceability, the availability of metadata and best
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estimates of the measurement uncertainty. Traceability in this respect means the use
of well-documented correction algorithms. In this paper the algorithms that are used in
version 2 of the GRUAN processing were described, together with a discussion of the
estimated measurement uncertainties. A novel aspect of the GRUAN data product is
the availability of vertically resolved uncertainty estimates. Earlier studies have shown
that the dominant error sources for the RS92 temperature and humidity measurements
are solar radiation, causing a temperature error and a dry bias, and time-lag of the
humidity sensor.

Laboratory experiments were performed to measure the response of the RS92 sen-
sors to solar irradiance at various ambient pressures. These resulted in a radiation
correction model that depends on pressure, ascent speed, and simulated actinic flux.
The GRUAN correction for the radiation temperature error is consistent with the Vaisala
correction, meaning that the Vaisala correction is within the GRUAN uncertainty range.

The differences between daytime temperature profiles processed by GRUAN and
Vaisala are consistent with the difference between the respective radiation correction
models, and is within the estimated uncertainty of 0.3 K at 30 km.

The correction for the radiation dry bias uses the same method as the radiation
temperature correction to estimate the heating of the sensor, with an additional fac-
tor to account for the larger sensitivity of the humidity sensor to irradiance. Near the
tropopause, the time-lag correction is the dominant correction to the humidity, being
up to three times larger than the dry bias correction. However, the uncertainty asso-
ciated with the time-lag correction is smaller than the uncertainty of the dry bias and
temperature-dependent calibration corrections. In the lower part of the sounding the
calibration uncertainty of the humidity sensor dominates. Comparison of GRUAN and
Vaisala processed data shows that nighttime GRUAN profiles are up to 5% moister
than Vaisala in the upper troposphere, which is due to the temperature-dependent cal-
ibration correction. For daytime data the GRUAN profiles are up to 15 % moister due to
the additional dry bias correction.
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The calibration uncertainty of the humidity sensors is the dominant uncertainty for the
retrieval of the integrated precipitable water column (IPW) from radiosoundings. The
uncertainties and corrections to the humidity profile limit the accuracy of the measure-
ment of water vapor in the upper troposphere, and hereby directly affect the estimate
of the radiation balance.

Redundant measurements with different instrument types are needed to detect sys-
tematic biases. Comparison of GRUAN humidity profiles with CFH data shows agree-
ment within 15 % up to the tropopause. No systematic biases occur, apart from a 5%
dry bias for GRUAN data around —40°C at night.

The geopotential height is determined from both the pressure sensor and the GPS
data. In the lower half of the sounding the pressure sensor is used because of its
better signal-to-noise performance. The uncertainty of the geopotential height is ap-
proximately one meter near the surface, and increases to approximately 30 m in the
stratosphere. The calibration of the altitude scale is tied to the station barometer, which
necessitates reliable metadata regarding its altitude and accuracy.

10.1 Consequences for sounding operations

Based on the topics discussed in this paper, we define the following recommendations
for performing reference radiosoundings:

— We strongly recommend an additional ground check for radiosondes in the stan-
dard humidity chamber (SHC), as this helps to track changes in the RS92 humid-
ity sensors. Analysis of the SHC checks performed at Lindenberg shows that the
bias of the RS92 humidity sensor at 100 % RH has drifted by 4 % over 8 years.
Such systematic effects of instrumental origin are important for observing climate
trends.

— The proper operational procedure for preparing the radiosonde as prescribed
by the manufacturer should be followed. The additional ground check in the
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SHC revealed that at one GRUAN station the reconditioning of the sensors was
skipped, leading to a dry bias of several % RH.

— Balloons should be filled with enough lifting gas to ensure a ascent speed between
5-7ms”' — in accordance with the WMO-recommendation — as too low ascent
5 speeds lead to larger temperature errors due to radiation.

— Rigs with multiple instruments should be configured such to minimize additional
radiation on the RS92 sensors by reflection from the styrofoam housing, as this
leads to biases in the temperature and humidity profiles.

— In order to minimize temperature spikes an unwinder of sufficient length (> 30 m)
10 should be used.

— The recalibration of the humidity sensors in the GC25 should be reversed before
processing the raw data.

10.2 Future improvements to data processing

For the next version of the GRUAN data processing for the RS92 the following improve-
15 ments are foreseen:

— Using the readings during additional ground check in the SHC to correct (scale)
the humidity profile.

— An update of the radiation temperature error correction, based on additional ex-
periments and analyses of the radiation temperature error.
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Appendix A

Uncertainty formulas

For a set of measurements S with zero expectation value the bias b is given by
1N
b == N Z S,- (A1)

and the uncertainty u(b) of the bias is estimated by calculating the statistical uncertainty
of the average (Sect. 4.2.3 of GUM, 2008)

Oy = | S -pp= 2 (A2)
ub) = mz =

with o, the standard deviation of the ensamble.
Smoothing, or low-pass filtering involves convolving the data points of the profile with
a Gaussian-shaped averaging kernel ¢ of 2M + 1 elements.

M
s,-= z sti+j (AS)
/'=_

The kernel is normalized (3 ¢; = 1) and symmetric (c_; = ¢;), and the kernel width is
related to the smoothing power of the filter, i.e., the wider the kernel, the smoother the
filtered signal. In order to calculate the standard deviation when filters with non-identical
kernel elements are employed, the effective sample size N’ is introduced

-1
2M +1

r_ 2
N=| D c? (A4)
j=0
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For a low-pass filter, N' corresponds to the width o of the Gaussian-shaped kernel

function. The estimated statistical uncertainty of the smoothed data point §; is then AMTD
given by 7, 3727-3800, 2014
N -
u(s) =\| > C4(S4j = 51)? (A5) GRUAN RS92 data
j=-M processing

Uncertainties from independent sources that all pertain to the same measurement pa- R. J. Dirksen et al.
rameter can be added geometrically to yield the total uncertainty of that parameter

Title Page ‘
u(x) = \ / z U(Xf)2 (A6) Abstract Introduction

f

Conclusions References

where f denotes a source of uncertainty.
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with ¢ the geographic latitude, and y,5 = 9.80665 ms~2 the normal gravity at 45.542°
latitude.

Rewriting the hydrostatic equation using the ideal gas law to eliminate the density,
gives the geopotential in differential form

Yz, d)dz = —RJV%” (B2)

with p pressure, Ry the gas constant for dry air, 287.04Jkg'1 K‘1, and 7, the virtual
temperature. Integration and division by y,5 yields the hypsometric equation, with which
the geopotential height difference between two radiosonde measurements can be cal-
culated using the observed pressure, temperature, and RH only (Hofmann-Wellenhof
and Moritz, 2006)

R.—
AH 5 = VTi,TVIng (Z—;) (B3)

Here ?\, denotes the average virtual temperature between pressure levels p; and p,.
The virtual temperature accounts for water vapor and as such amends the gas constant
for dry air. It is given by:

T, = r _ (B4)
1-0.01-RH(1 — 0.622)p,/p

with pg the saturation pressure for water vapor at temperature 7, and 0.622 the ratio of
the molar masses of water vapor and dry air. The average temperature of the layer is
T =(T,+T,)/2, and the average pressure is p = \/p;p,. Subsequently, the geopotential
height at a certain radiosonde level is obtained by summing Eq. (B3) for all measure-
ments between the surface and the desired level and adding the geopotential height of
the launch site. In case of prolonged data gaps, the T and RH profiles need to be inter-
polated between the available measurements, and failure to detect the real structure of
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15

the profiles within the gaps will introduce an error in the retrieved geopotential height
above these gaps.

B2 Geometric altitude from pressure

The geometric altitude derived from the pressure measurements z,, is calculated using
Eq. (B3), where y,5 is replaced by y(z;,®). v(z;, @) is given by the WELMEC formula
(Thulin, 1992)

y(2;, ) = 9.780318-(1+5.3024-1073sin?(¢p) - 5.8- 10 ° sin®(2¢)) - 3.085-105z, (B5)

In order to prevent recursive calculation, Z; is taken from the GPS-based geometric
altitude zgpg.

B3 Pressure from geometric altitude

The pressure difference between two altitude levels is calculated by inverting Eq. (B3),
yielding the barometric equation, and using y(z, ¢) (Eq. B5) instead of y,5

V(Z!QD)'AZ
Ap;=p; |exp | —L—=——2L ] -1 (B6)
Ry-T,,

B4 Geopotential height from geometric altitude

For the calculation of the geopotential height from the geometric height, the altitude
dependence of the gravity y(z,¢®) and the latitude dependence of the Earth’s radius
R(¢) should be taken into account (Hofmann-Wellenhof and Moritz, 2006).

V(@) R(¢)-Z
Vs R(®)+Z

H(Z,¢) = (B7)
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Here y4(¢®) is Somigliana’s equation for normal gravity of the surface of an ellipsoid

1+ kg -sin®
V(@) = ve | -t SN (D) (88)

\/1-e2-sin?(¢)

with kg = 1.9318 x 1072 Somigliana’s constant, e = 0.081819 the eccentricity of the
WGS-84 ellispoid, and y, = 9.780325ms ™2 the equatorial gravity. The Earth’s radius
R(¢) is approximated by

_ 6378.137
1.006803 - 0.006706 - sin?(¢h)
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Table 2. Overview of the sources contributing to the uncertainty budget, values are given for

20 (k = 2). The items involving AT relate to the radiation temperature correction.

AMTD
7, 3727-3800, 2014

Parameter value (un)correlated Data field in product
Repeatability of calibration of the T-sensor 0.15K correlated
ug(cal)
Absolute uncertainty of T-sensor calibra- \/ ug(cal)? + (AT gcos/3)? correlated u_cor_temp"
tion ug ¢a(T)
Uncertainty in T due to spike removal 0.05K uncorrelated
Uncertainty in T due to sensor time-lag <0.03K correlated
o(T) Statistical standard deviation  uncorrelated u_std_temp”
Random uncertainty of temperature uv,(7)  Statistical uncertainty uncorrelated
o(T)/VN'
Uncertainty of AT due to rotating ra- 2.AT/V3 uncorrelated
diosonde vy, 1(AT)
Uncertainty of /, due to albedo u,(/,) ﬁgvadea' S _ o) correlated u_swrad"
Uncertainty in AT due to uncertainty in AT -ug(l,)//, correlated
albedo v, (AT)
Uncertainty in ventilation velocity u(v) 1ms™ uncorrelated
Uncertainty in AT due to ventilation uncer- AT -u(v)/v uncorrelated
tainty uy, yent(AT)
Uncertainty in AT due to uncertainty inpa- < 0.2K correlated
rameters a and b uggc(AT)
[Ue, cal(T)® + Uy (T)*+
Total uncertainty Uy o BT) + g, (AT)?+ - u_temp®

uu, vent(AT)2 + uc,RC(AT)2]1/2

GRUAN RS92 data
processing

R. J. Dirksen et al.

" In the product file for processig version 2 the uncertainty is stored as k = 1.
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Table 3. Parameters for the temperature-dependent calibration correction of humidity values.

The first row lists the correction factor, and the second row the uncertainty of the correction.

Temperature [°C] 20 0 -15 -3 -50 -60 -70 -100
Correction factor 1 1 102 1.04 1.06 1.07 1.05 1
Uncertainty 0.01 0.02 0.03 0.03 0.06 0.07 0.05 0.10
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Table 4. Estimated sensitivity of the humidity sensor to radiative heating, relative to the tem-
perature sensor. The estimated radiative heating of the temperature sensor, multiplied with the
sensitivity factor f, yields the radiative heating of the RS92 humidity sensor. The sensitivity
factor depends on production year, the right-most column represents the uncertainty in f.
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Table 5. Sources of uncertainty for the humidity profile = R. J. Dirksen et al.
Q
(=
Parameter Description (un)correlated  Data field in product o
ug(cal) Calibration uncertainty, absolute and relative part. correlated % Title Page ‘
ug(ce) Uncertainty of the temperature-dependent calibration correlated U
Ug(AT) Uncertainty of the radiative heating of the RH sensor correlated @
u.(RC;) Uncertainty of dry bias due to u,(AT) correlated
us(RCy) Uncertainty of dry bias due to uncertainty of radiation correlated —
sensitivity factor f =
u,(RC) Total uncertainty of the dry bias \/u,(RC/)? + u,(RCy)2 correlated i | 9bes Qg Tiaures
ug(7) Uncertainty in time-lag constant correlated =
u,(TL) Uncertainty in TL correction due () correlated 7 — “
Statistical standard deviation of each data pointin profile.  uncorrelated  u_std_RH" o
u,(RH) Statistical uncertainty of each data point in profile. uncorrelated = _ —
us(RH) Vue(cal)2 + ug(cc)? + ug(TL)2 + u (RC)2 correlated u_cor_RH" Q-)U
U(RH) VUs(RH)? + u,(RH)? - u_RH" _c?g

* In the product file for version 2 the uncertainty is stored as k = 1.
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Table 6. Overview of RS92-CFH dual soundings used in the comparison.

Site GRUAN site-code  Location Period Nuight  Naay
Alajuela® ALA 10°N, 84° W July 2005, summer 2007 4 3
Yangjiang ~ YAN 21°N, 112°E  July 2010 (WMO intercomparison) 4 5
Boulder” BOU 40°N, 105°W  2011—present - 16
Lindenberg LIN 53°N, 14°E 2008—present 53 44
Sodankylda  SOD 67°N, 26°E 2010 (LAPBIAT) & 2012—present 11 12

2 |n the absence of .DC3DB files, the GDP for Alajuela is based on Vaisala EDT data.
® In Boulder the frost point hygrometer (FPH) is employed instead of CFH.
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Fig. 3. Results of radiation experiments performed at various ventilation speeds, v, and pres-
sures p. Ventilation speeds are 2.5 and 5m s~'. The solar irradiance / was monitored externally,
and was additionally varied by the use of grey filters. The solid black line indicates the best fit
to the data, whereas the dashed lines indicate the estimated uncertainty range of the fit.
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Fig. 4. Vertical profiles of the total actinic flux on the sensor for 21 June for solar elevation angles
of 30, 72 and 90°. The actinic flux is the sum of the direct sunlight and diffuse background. The
mean actinic flux is the average of the cloud-free (dashed-dotted line) and cloudy (dashed line)
scenario. The kinks below 10 km result from the cloud layers around 5 and 8 km used in the
simulations.
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Fig. 5. Profiles of the GRUAN radiation temperature correction for ventilation speeds between
1.and 20ms™". The correction was calculated for a radiosounding performed in Lindenberg on
17 September 2013, 12:00 UTC. The kinks in the profiles between 900 and 200 hPa result from
the cloud configuration that was used in the streamer simulations, with cloud layers between
4—6 and 7-10km, which introduces jumps in the simulated radiation profile at the top of the
cloud (see the dashed traces in Fig. 4).
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Fig. 6. Comparison of the GRUAN and Vaisala correction models for the radiation temperature
error. Blue trace: Vaisala correction profile (DigiCora version 3.64), red trace: GRUAN correction
profile. The grey bar represents the uncertainty estimate of the GRUAN temperature correction.
The correction profiles are evaluated for a sounding performed at Lindenberg on 17 September
2013 at 12:00 UTC.
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Fig. 7. Left panel: temperature profile before (black dots) and after smoothing and consecutive
spike removal (red trace). The grey dots represent the temperature spikes that were removed
by the spike removal algorithm. The blue trace represent the smoothed profile before spike re-
moval. The right panel shows the difference between the blue and the red curves. The sounding
was performed in Lindenberg on 16 August 2012 (12:00 UTC).
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Fig. 8. Contributions of the various uncertainty terms to the total uncertainty estimate of the
GRUAN temperature correction for a sounding performed in Lindenberg on 17 September 2013
at 12:00 UTC.
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Fig. 9. Uncertainty of the temperature measurements, determined from 29 noon (top) and 17
midnight (bottom) RS92 dual launches performed in Lindenberg. The red line represents the
mean of the difference of GRUAN temperature profiles, the black trace denotes the estimated
uncertainty profile calculated for soundings performed on 17 September 2013, both traces
given for k=2. Data are gridded in 1 km wide bins.
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Fig. 10. RH-sensor recalibration during ground check in the GC25 for RS92 radiosondes

launched at Lindenberg in the second half of 2009. The desiccant is replaced bi-weekly, or
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Fig. 11. Time-series of reading of the RS92 humidity sensor when inserted in the SHC (100 %
relative humidity) prior to launch, as part of the additional manufacturer-independent ground
check. The colors depict the radiosonde’s production-year. The black dashed line represents
the 100 % level, whereas the red dashed line indicates 105 %, the rejection criterion for humidity
readings in the SHC.
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Fig. 12. Effect of time-lag on the RS92 humidity profile. Left panel: comparison of RS92 hu-
midity profile before (black) and after (red) GRUAN time-lag correction, and coincident CFH
profile (green). Middle panel: temperature profile from RS92. Right panel: the time-lag con-
stant 7 (black) and the time-resolution of the humidity profile after the filtering by the time-lag P EHITEEL o
correction algorithm (red).
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Fig. 13. Corrections and their estimated uncertainties to the relative humidity. Left panel: hu-
midity profile. Middle panel: profiles of the corrections for the temperature-dependent calibration
correction (black), radiation dry bias (blue) and time-lag (red). The grey trace represents the
total correction. Right panel: estimates of the total uncertainty (grey) and the various contribu-
tions due to the correction for calibration uncertainty (black), the correction for the temperature-
dependent calibration correction (blue), radiation dry bias (red), time-lag constant u(7) (light
blue), and the statistical uncertainty of the time-lag correction (orange). The horizontal dashed
line at 16.1 km represents the tropopause.
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Fig. 14. Comparison of GRUAN data processing (GDP) and Vaisala (FLEDT) for RS92 ra-
diosoundings performed in Lindenberg in 2012. The graphs show scatter density plots of
100% x (GDP - FLEDT)/GDP for temperature (top row) and humidity (bottom row). Data were
taken from radiosoundings performed at local midnight (00:00 UTC, left column, N = 277) and
local noon (12:00 UTC, right column, N = 258). The GRUAN and Vaisala profile data are grid-
ded in 100 m wide altitude bins prior to comparison. The logarithmic color scale represents the
number of data points in each bin, and the solid red line represents the average. Bins contain-
ing less than 5 data points are excluded from the plot. The tropopause (not indicated) usually
resides below 12 km.
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Fig. 15. Comparison of humidity profiles from GRUAN processed RS92 and coincident frost
point (FP) hygrometer data. Top: daytime flights, bottom: nighttime flights. Data are gridded in
500 m wide bins, and plotted with ambient temperature as the vertical scale. The analysis is
restricted to the troposphere. The solid circles represent the relative difference RS92 — FP with
respect to the FP humidity, and the bars indicate the statistical uncertainty (standard deviation).
All data presented here are for the CFH except for the NOAA FPH data from Boulder, the
number of soundings at each site is given in brackets. The approximate water volume mixing
ratios at various temperature levels are given in Table 7.
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Fig. 16. Noise of the geometric altitude derived from the pressure sensor (blue) and the GPS
sensor (red). The standard deviation is calculated using Eq. (A5) for a low-pass filter with a cut-
off frequency of 0.067 Hz (corresponding to a period of 15s). The dashed black line indicates
the altitude (15.1 km) where the switch from pressure-based to GPS-based altitude occurs. The
sounding was performed at Lindenberg on 17 September 2013, 12:00 UTC.
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Fig. 17. Uncertainty profile of the geometric altitude, U(z). Between the surface and the switch
altitude, indicated by the dashed grey line, U(z) equals the uncertainty of the geometric pres-
sure altitude, above that U(z) equals the uncertainty of the GPS altitude. Same sounding as in
Fig. 16.
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