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ABSTRACT: During the African Monsoon Multidisciplinary Analysis (AMMA) field experiment in 2006 there was a
large increase in the number of radiosonde data over West Africa. This has the potential of improving the numerical
weather prediction (NWP) analysis/forecast and the water budget studies over that region. However, it is well known
that the humidity from radiosondes can have some errors depending on sonde type, relative humidity (RH), temperature
and the age of the sensor and can give rise to dry biases that are typically between 5% and 30% for RH. Three main
sonde types were used in the AMMA field experiment: Vaisala RS80A, Vaisala RS92 and MODEM. In this article, a new
empirical method is presented by using the operational European Centre for Medium-Range Weather Forecasts (ECMWF)
short-range forecast as an intermediary dataset for computing biases. The validation of the correction method using global
positioning system (GPS) total columnar water vapour (TCWV) confirms that the method is able to correct for a large part
of the dry biases associated with the different sonde types. Results from analysis experiments show how the correction of
humidity is particularly important in the West African region due to its impact on the development of convection in NWP
models. The proposed radiosonde humidity bias correction has been applied to the special AMMA reanalysis experiment
performed at ECMWF for the 2006 West African wet monsoon season. This is expected to benefit a wide number of
AMMA-related studies that make use of the reanalysis, in particular those focusing on the water cycle. Copyright c© 2009
Royal Meteorological Society
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1. Introduction

During the African Monsoon Multidisciplinary Anal-
ysis (AMMA) field experiment in 2006 there was a
large increase in the number of radio soundings over
West Africa (Redelsperger et al., 2006), the majority of
which were assimilated in numerical weather prediction
(NWP) analyses (Parker et al., 2008). Almost half of
the radiosondes used were Vaisala RS80A, which are
known to have a substantial dry bias in both the lower
and upper troposphere (Wang et al., 2002). Johnson and
Ciesielski (2000) and Ciesielski et al. (2003) showed
that rainfall biases in NWP forecasts initialized with re-
analyses focusing on the Tropical Ocean Global Atmos-
phere Coupled Ocean Atmosphere Response Experiment
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(TOGA–COARE) region can be partly explained by
the biases in radiosonde humidity measurements due to
changes in convective available potential energy (CAPE)
and convective inhibition (CIN) (Guichard et al., 2000).
Garand et al. (1992), Lorenc et al. (1996) and Sharpe
and Macpherson (2001) have also shown the impact of
radiosonde humidity biases on NWP models, in particular
the effect of dry bias on cloud cover and precipitation.

Many of these radio soundings in the AMMA network
are located in the region of the humidity gradient over
the Sahel (Figure 1), where mesoscale convective sys-
tems (MCSs) develop during the wet monsoon season,
accounting for most of the precipitation over the region
(Mathon et al., 2002). Nuret et al. (2008) investigated
the dry bias at Niamey, which had been using Vaisala
RS80A and RS92 radiosondes, and proposed a correc-
tion for RS80A with respect to RS92. They found a
dry bias in relative humidity (RH) of up to 14% at low
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Figure 1. Map of the AMMA region in which the bias correction has been applied. The contours show mean 925 hPa relative humidity (%) in
August 2006 from ECMWF operational analysis at 1200 UTC. The location of the radiosondes is indicated by numbers and letters to distinguish
the different sonde types: 8 and 7 are Vaisala RS80 Digicora I,II and Digicora III (WMO BUFR codes 61 and 67 respectively); M is MODEM
M2K2 (WMO BUFR code 56); V is VIZ MARK II (WMO BUFR code 49); 9 is Vaisala RS92 (WMO BUFR code 79 and 80); G is GRAW
DFM-90 (WMO BUFR code 50) and S is Sippican MarkIIA (WMO BUFR code 85); B indicates that the station used both Vaisala RS80 and
RS92 sondes (WMO BUFR codes 61 and 79 respectively). The location of the GPS stations used to compare with radiosonde data (see Table II)

are shown by the circles.

levels and greater than 20% at upper levels. Their cor-
rections were evaluated by comparing the total column
water vapour (TCWV) from global positioning system
(GPS) and radiosondes. At night-time (daytime) a dry
bias of −5.5 (−7.9) kg m−2 in TCWV was reduced to
+1.8 (−2.8) kg m−2 after applying the correction to the
Vaisala RS80A. Their study also shows that the dry bias
can have a significant impact on the diurnal cycle of
TCWV and CAPE, which is crucial for the life cycle
of MCSs in the Sahel region. This dry bias also affects
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) analyses increments of specific humidity,
which are negative around radiosonde stations. This could
be partly responsible for a displacement of the low-level
humidity gradient to the south in the ECMWF analysis
(Messager et al., 2008). It is also well known that there is
a southward shift of the Intertropical Convergence Zone
(ITCZ) over Africa in the ECMWF short-range forecast
and reanalysis (Stendel and Arpe, 1999) and operational
model (Agustı́-Panareda and Beljaars, 2008) with too lit-
tle precipitation over Sahel. All this motivates the need to
develop and apply a radiosonde humidity bias correction.

Three main types of radiosondes were used opera-
tionally at several stations during the AMMA field exper-
iment: Vaisala RS80A and RS92 and MODEM (Figure 1
and Table I). Previous studies have shown a variety of
empirically and physically based methods of radiosonde
humidity bias correction for specific radiosonde sensor
types using independent reference data from research
instruments during field and laboratory experiments (see
section 2 for a review). In this article we present an
empirically based method that can work operationally and
globally for any radiosonde type by using the ECMWF

short-range forecast as an intermediary dataset for com-
puting biases. The main reasons for developing a new
correction scheme operationally and in the future AMMA
reanalysis context are as follows.

(1) Many radiosonde types have been used in the
AMMA field experiment and not all of them are
well documented.

(2) Operationally not all the additional metadata
required to apply the existing humidity bias cor-
rection schemes are available (e.g. pre-launch ref-
erence measurements, specific production batches,
age of radiosonde, see section 2).

(3) ECMWF analyses generally compare well with
independent integrated water vapour data derived
from GPS (Bock et al., 2007).

In 2007 a scheme was implemented in the ECMWF
Integrated Forecast System (IFS) cycle 32r3 (operational
from 6 November 2007–3 June 2008) to correct the
radiosonde humidity and temperature bias (section 3).
The operational scheme is modified by considering the
dependence of the humidity bias on the value of the
observed humidity in section 4. The evaluation of this
empirical bias correction scheme over the AMMA region
in West Africa for August 2006 is presented in section 5.
The results from NWP analysis experiments demonstrate
the impact of the radiosonde humidity bias correction on
ECMWF analyses and forecasts in section 6. A summary
of the main findings can be found in section 7.

2. Background on the radiosonde humidity biases

Dry biases in radiosonde measurements have long been
detected in field experiments (e.g. Crutcher et al., 1971;
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Table I. AMMA radiosonde network. NULL signifies that the sonde type is not reported in the GTS data.

Station WMO Lat Lon Altitude Sonde WMO BUFR code for
name station ID [◦N] [◦E] [m] type sonde type

Tamanrasset 60680 22.80 5.43 1364 RS92 79
Agadez 61024 16.97 7.98 502 RS92 79
Niamey 61052 13.48 2.17 227 RS80A/RS92 61/79
Tombouctou 61223 16.72 −3.00 264 RS80A 61
Bamako/Senou 61291 12.53 −7.95 381 RS80A 61
Nouadhibou 61415 20.93 −17.03 3 RS80A 61
Nouakchott 61442 18.10 −15.95 3 RS80A/RS92 61/79
Dakar/Yoff 61641 14.73 −17.50 24 RS80A/RS92 61/79
Tambacounda 61687 13.77 −13.68 50 MODEM 56
Conakry 61831 9.56 −13.61 48 RS80A 63
Khartoum 62721 15.36 32.33 382 NULL NULL
Addis Ababa-Bole 63450 9.03 38.75 2354 RS92 79
Bangui 64650 4.40 18.52 366 MODEM 56
N’Djamena 64700 12.13 15.03 295 RS80A 61
Ngaoundere 64870 7.35 13.57 1104 RS80A 61
Douala R.S 64910 4.02 9.70 15 RS80A 61
Abuja 65125 9.25 7.00 344 RS92 80
Parakou 65330 9.35 2.62 393 MODEM 56
Cotonou 65344 6.35 2.38 9 MODEM 56
Tamale 65418 9.50 −0.85 173 RS92 80
Ouagadougou 65503 12.35 −1.52 306 MODEM 56
Abidjan 65578 5.25 −3.93 8 RS80A/RS92 61/79

Wang et al., 2002) and operationally (Lorenc et al., 1996;
Andersson et al., 2007). The moisture fields obtained
from radiosonde observations are crucial for NWP anal-
ysis and forecasts (Lorenc et al., 1996), the development
of cloud and radiation parametrizations (Tompkins et al.,
2007), the computation of heat and moisture budgets
(Johnson and Ciesielski, 2000; Ciesielski et al., 2003),
the calibration and validation of satellite retrieval tech-
niques (Ross and Gaffen, 1998) and climate research
(Wang and Zhang, 2008). Thus, it is extremely important
to assess the accuracy of radiosonde humidity measure-
ments.

There are several factors affecting the accuracy of
radiosonde humidity observations that have been well-
studied, particularly for Vaisala humidity sensors. The dry
bias associated with the properties of the sensor is due
mainly to (1) contamination from packaging in Vaisala
sondes prior to 1998, (2) errors in the calibration model
at cold temperatures, (3) ageing of the sensor and (4)
radiation bias due to solar heating of the sensor.

The dry bias associated with direct or indirect solar
heating of the humidity sensor was already detected in the
late 1960s for AMT-12 and standard US sondes (Teweles,
1970). Heating of the air around the humidity sensor
increases temperature, causing a decrease in measured
RH. This effect is dependent on the solar elevation and
thus it results in a spurious diurnal variation in radiosonde
humidity records. Diurnal temperature corrections were
also applied to the radiosonde data from a number
of tropical field experiments such as ATEX, BOMEX,
VIMHEX (see Ruprecht, 1975, for a summary of different
approaches).

Errors in ground check depending on the accuracy
of the pre-launch reference measurement, and practices
of storage and handling during the launching of the
radiosonde can also contribute to the bias associated with
observations (Wang et al., 2002). There is also a time-lag
error associated with the slow response of the humidity
sensor at low temperatures. The time-lag error does not
result in a bias, but in a smoothing of the humidity
profile at cool temperatures in regions of steep gradients.
Therefore, this effect is prominent near upper-level cirrus
clouds and the tropopause (Miloshevich et al., 2006).
Different sonde types are affected to a different degree
by the dry bias sources mentioned above. However, there
are other factors that can result in moist biases, like
condensation/icing of the sensor when the radiosonde
penetrates a cloudy or an ice-supersaturated layer. This
is a problem for the Vaisala RS80 series (A and H type)
and MODEM, but less for Vaisala RS92, which have dual
sensors alternately heated (Vömel et al., 2003).

Most corrections attempt to reduce the dry bias asso-
ciated with contamination, temperature-dependent cali-
bration and solar heating. Note that different corrections
apply to different sensor types, calibration models, cir-
cumstances of operation and environmental conditions.
As the sensor and calibration models are improved, new
corrections need to be continuously developed. Opera-
tionally, the type of sondes also keep changing, so an
adaptive method of correction is required. In general,
there has been an improvement in the Vaisala RS92 with
respect to the Vaisala RS80 radiosondes, especially in
terms of contamination and calibration errors as well as
errors in cloudy conditions.
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In an operational NWP context, Lorenc et al. (1996)
applied a statistical correction in cloudy regions moti-
vated by depletion of analysed cloud cover after assim-
ilating radiosonde RH data. Their statistical scheme has
been used operationally in the Met Office Unified Model
since 1996 with a modified shape of the RH correction
graph to account for changes in model configurations
and radiosonde changes (Sharpe, personal communica-
tion).

Numerous bias corrections for Vaisala radiosonde
humidity have been published in the literature. How-
ever, to the knowledge of the authors, there is no pub-
lished humidity bias correction for MODEM sondes.
The following two subsections give an overview of cor-
rection schemes available for Vaisala RS80 and RS92
radiosondes.

2.1. Vaisala RS80 sondes

During the TOGA–COARE field experiment a large
effort was devoted to developing laboratory-based correc-
tions for Vaisala RS80 sondes (Wang et al., 2002). Their
correction focused on six error sources including contam-
ination, temperature dependence (based on Miloshevich
et al., 2001), basic calibration model, ground check, sen-
sor ageing and sensor-arm heating. Both types of Vaisala
RS80 Humicap (A and H) were considered. Humicap
H is more sensitive to water vapour and contamination
and humicap A has larger biases at low temperatures
due to the larger temperature-dependent error that exists
below −20◦C. The magnitude of their humidity correc-
tion is up to 5% in the lower troposphere and up to
20% in the upper troposphere (Ciesielski et al., 2003).
Note that developing such a correction relies on close
collaboration with the radiosonde manufacturers in order
to obtain information on the calibration and properties
of the sensor. Wang et al. (2002) noted that these cor-
rection methods have their own uncertainties and may
not correct all errors in Vaisala RS80 humidity data. In
particular, the method does not correct for the difference
in bias between day and night-time due to solar heating
effects.

In the context of the ARM field experiment, Lesht
and Richardson (2002) developed corrections for Vaisala
RS80H radiosonde humidity data based on Wang et al.
(2002) with modifications introduced for low tempera-
tures in the correction of contamination error. Turner
et al. (2003) also developed an empirically based cor-
rection for Vaisala RS80H from the ARM field exper-
iment. Their scheme uses TCWV from a microwave
radiometer as a reference and rescales the radiosonde RH
with a constant factor assuming that the errors/biases of
the radiosondes are height-independent. Häberli (2006)
corrected a large number of the humidity soundings
from the MAP-SOP by using the algorithms of Wang
et al. (2002) and Leiterer et al. (2001). However, the
corrected profiles were not used in the special MAP
reanalysis (Keil and Cardinali, 2004) because these
were only available after the reanalysis had been per-
formed.

2.2. Vaisala RS92 sondes

Vaisala RS92 are now widely used operationally, replac-
ing most of the Vaisala RS80 sondes. In West Africa
many stations that were using Vaisala RS80A during the
AMMA SOP in 2006 changed to Vaisala RS92 in 2007.
WMO radiosonde intercomparison experiments (Nash et
al., 2005) revealed that Vaisala RS92 is one of the most
reliable operational humidity sensors, in particular in the
lower troposphere. In the upper troposphere the dry bias
can be larger than for Vaisala RS80 at daytime. This might
be due to a combination of reduction in moist bias caused
by icing on the sensor, due to the dual-heated sensor, and
the removal of the radiation shield in RS92, present in
RS80 (Tompkins et al., 2007).

From the six operational radiosonde types launched
during the Atmospheric Infrared Sounder (AIRS) Water
Vapour Experiment (AWEX) in night-time conditions, the
most accurate operational radiosonde tested was Vaisala
RS92 (Miloshevich et al., 2006). The tests were made
with respect to the Cryogenic Frostpoint Hygrometer
(CFH). The CFH is highly accurate and often used as
a reference sensor. They found that the mean percentage
accuracy relative to CFH was within 5% in the lower
troposphere and within 10% in the mid and upper
troposphere.

The main errors affecting Vaisala RS92 are sensor
time-lag error, calibration error and solar heating error
in the daytime. A correction for the time-lag error has
been developed by Miloshevich et al. (2006) based on
Miloshevich et al. (2004), using night-time soundings
from the AWEX field experiment.

The calibration error at low temperatures has been
improved by Vaisala for the RS90 and RS92 with
respect to the RS80A (Paukkunen et al., 2001). However,
Miloshevich et al. (2006) found a calibration dry bias of
up to 10–30% at low temperatures (within the range of
−40 to −60◦C). Their empirical AWEX correction must
be applied with caution, as Vömel et al. (2007) pointed
out that Vaisala changed their calibration model without
notice in early 2004. This resulted in smaller calibration
biases in the Vömel et al. (2007) study.

Finally, a solar heating correction has been proposed
by Vömel et al. (2007) and Yoneyama et al. (2008). This
correction factor in Vömel et al. (2007) is a function of
pressure altitude and it is largest in the tropics at high
elevations (up to 50% at 15 km and 9% at the surface
relative to the observed value). Yoneyama et al. (2008)
also proposed a correction based on the pressure altitude
and the solar elevation angle. They found similar results
to Vömel et al. (2007) with a relative bias of 50% at high
altitude but almost zero at the surface.

3. Operational radiosonde temperature and humid-
ity bias correction scheme at ECMWF

Previously at ECMWF, two separate radiosonde bias
correction schemes were developed and employed for
temperature: one for operations and one for ECMWF
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reanalysis (ERA) (Uppala et al., 2005). The operational
scheme is based on a classification by sonde type.
For the historical data used in ERA, this information
is not available, and a separate scheme relying on a
classification by countries and regions was developed
(Andrae et al., 2004). Both schemes seek to correct for the
solar-angle-dependent part of the temperature bias only.

In 2007 a new scheme to correct radiosonde temper-
ature and humidity was developed. It was introduced
into the operational system on 6 November 2007 as part
of model Cycle 32R3. The scheme makes use of the
radiosonde monitoring system, in which all sondes are
compared with the first guess (FG) or background forecast
(6–12 hour forecast in the 4DVAR system) and with the
subsequent analysis. The analysis is an ‘optimal’ combi-
nation of the background field and observations. Figure 2
shows an example, namely the profile of the mean dif-
ference between all the RS80A RH observations over the
globe and the co-located first guess profiles (data from
October 2005–October 2006). This difference can be due
to observation biases but also due to model biases. Similar
monitoring statistics exist for all the radiosonde types.

The correction scheme is based on the idea that
the night-time RS92 is bias-free, and that the model
biases have the same characteristics everywhere. The
latter assumption is not necessarily justified, but difficult
to avoid in a global system that has to be robust.
Furthermore, the RS92s, which serve as a reference, cover
a wide range of climate regimes, so the model error
is well sampled. Temperature and humidity corrections
are defined as the difference between the monitored
difference between sonde and FG, minus the model bias,
which is the difference between the FG and the night-
time RS92. So corrections are made with respect to the

Figure 2. Global bias for Vaisala RS80A departures with respect to
the operational model first guess from October 2005–October 2006 for
different solar elevation angles (θ). The operational model during this

period did not include any radiosonde humidity bias correction.

night-time RS92 using the model FG as an intermediate.
The Vaisala RS92 is chosen as a reference, because
it is widely regarded as the most advanced and most
accurately calibrated equipment (see section 2 for further
details).

The corrections are calculated and tabulated as a
function of sonde type, solar elevation and pressure
(for height) from a database containing the most recent
12 months accumulation of observation departures with
respect to the model short-range forecast. In operations,
the database is continually updated with the latest obser-
vation minus background departures. Updated bias cor-
rections are calculated at regular monthly intervals, or
intermittently when required. For those stations that do
not report sonde type, the scheme defaults to a classifica-
tion based on countries and regions as previously used in
ERA (Andrae et al., 2004). The main humidity analysis
impact is a general moistening of the troposphere (below
500 hPa) by about 2% relative humidity. This leads to
a noticeable increase in forecast precipitation over land
in short-range forecasts, helping to improve on a known
deficiency.

4. Correction method to reduce the radiosonde
humidity bias in the AMMA region

Previous studies have shown that humidity biases associ-
ated with radiosonde observations depend on the observed
RH, as well as sonde type, temperature, age of radiosonde
and pressure. Over the Sahel, the variation of RH bias
with the observed RH is particularly strong due to the
pronounced seasonal cycle (Figure 3). Thus, within the
context of the AMMA reanalysis, a refined correction
that takes into account the dependence of the bias on the
observed humidity is performed separately for the West
African region. The bias correction is computed for all
sonde types used in the AMMA field experiment within
the geographical area from 5◦S–35◦N and 25◦W–40◦E
(Figure 1), using the operational radiosonde data from the
Global Telecommunication System (GTS) for the period
January 2005–July 2007. A description of the different
steps required to perform the bias correction is given in
the following subsections.

4.1. Stratification of radiosonde data

Before computing the biases and correction coefficients,
the radiosonde humidity data is stratified according to the
following criteria.

(1) Sonde type. This is given by a WMO BUFR code
in the GTS TEMP data in which the radiosonde
profile is encoded. In the AMMA region there
are at least four different codes used for the three
main types of radiosondes: 56 (MODEM M2K2);
61 (Vaisala RS80 Digicora I,II); 79 (Vaisala RS92
Digicora II) and 80 (Vaisala RS92 Digicora III).
Each sonde type has different sensors and data cali-
bration algorithms, which will give rise to different
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Figure 3. Monthly bias for departures (observations − first guess) of relative humidity at 0000 UTC from soundings at Niamey (61052) at three
pressure levels (see legend). Until the end of 2005 the only sonde type used was Vaisala RS80 Digicora I,II and from January 2006 onwards a

mixture of Vaisala RS80 Digicora I,II and Vaisala RS92 sondes were used.

biases (see section 2 for further details). Informa-
tion on the Vaisala RS80 Humicap (A or H) cannot
be extracted from the WMO BUFR code. However,
through the radiosonde serial number obtained from
the radiosonde raw data collected in the AMMA
database, Vaisala has confirmed that the RS80 son-
des deployed during the AMMA field experiment
were equipped with Humicap A sensors.

(2) Solar elevation. Daytime and night-time soundings
are separated in order to identify the differences
in the bias due to solar heating of the humidity
sensor. For the AMMA region, it is not possible
to stratify the data using the four categories in the
operational global bias correction because there
are not many soundings with solar elevation angle
(θ) between 7.5◦ and 27.5◦ or between −7.5◦ and
7.5◦. Globally, there are enough data to show
that solar elevation categories between 0◦ and
27.5◦ have a lower bias than those above 27.5◦
(Figure 2). Thus, the data are stratified in positive
solar elevation angles with θ > 27.5◦ and negative
solar elevation angles with θ < 0◦.

(3) Pressure levels. These are bins centred on the
standard pressure levels (P = 1000, 925, 850, 700,
500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20,
10 hPa). The amount of solar radiation varies with
pressure level. Pressure levels can also be linked to
temperature and cloudiness, which can also affect
the bias.

Note that in the bias correction scheme we do not
consider the temperature dependence of the calibration
bias that exists below −20◦C (i.e. at upper levels) because
we can only correct the biases that do not affect the
reference sonde. The information on the age of the
radiosonde is not available operationally, therefore it has
not been considered in the correction procedure either.

4.2. Computation of radiosonde humidity bias with
respect to the model forecast as a function of observed
RH

The relative humidity bias for each sonde type, pressure
level and solar elevation category is computed separately
as described below. Scatter plots of short-range fore-
cast – used as first guess (FG) or background in the data
assimilation – versus observed values (OBS) can reveal

whether there is a bias, and whether this bias is con-
stant or varies with the observed value. Figure 4(a) shows
an example of such a scatter plot for Vaisala RS80A at
925 hPa and positive solar elevation angles (larger than
27.5◦). Bin averages of 5% RH intervals have been com-
puted for both observations and first guess. These give a
clearer picture of the bias as well as a first indication of
the differences in the scatter and sampling.

As a measure of the scatter, the standard deviation
of the departures between observations and first guess
has been examined (not shown). This ranges between
8% and 24% in the troposphere, and it is generally
largest at mid levels (between 850 and 400 hPa). There
is typically a difference of 4% in standard deviation
between different sonde types. The large scatter can be
due to model error, error associated with observations
(e.g. time-lag error) and representativeness of point
observation on the model grid-scale area. Note that part
of the scatter is also due to diurnal sampling errors.
That is, the bias of the sensor depends on solar elevation
angle and here we are only sampling the data according
to positive and negative solar elevation. Other reasons
for scattering might be the dependence of direct solar
radiation heating on the presence of clouds. This might
explain why at mid levels (between 850 and 400 hPa)
the standard deviation is largest, as it is at those levels
where we expect to find clouds.

The bias has been computed using the technique of
equiprobability transform (Panofsky and Brier, 1968),
also known as cumulative distribution function (CDF)
matching. This technique has been previously used to
correct biases for different types of observations. Crutcher
et al. (1971) and Crutcher and Eskridge (1993) used an
equiprobability transform to correct humidity for solar
heating errors in VIZ radiosondes using aircraft data as
reference (see also Eskridge et al., 1995). Nuret et al.
(2008) used the CDF matching technique to correct the
radiosonde dry bias of Vaisala RS80A with respect to
Vaisala RS92 using data from Niamey during the AMMA
field experiment. Reichle and Koster (2004) and Drusch
et al. (2005) have used CDF matching for correcting
biases in the soil moisture estimated from satellites.
Effectively, CDF matching works best when model and
radiosonde have a similar error level. Only when a third
independent dataset is available can this assumption be
verified (Stoffelen, 1998; Caires and Sterl, 2003; Janssen

Copyright c© 2009 Royal Meteorological Society Q. J. R. Meteorol. Soc. 135: 595–617 (2009)
DOI: 10.1002/qj



RADIOSONDE HUMIDITY BIAS CORRECTION FOR AMMA 601

Figure 4. (a) Scatter plot of first guess versus observed relative humidity for Vaisala RS80A Digicora I,II radiosondes at 925 hPa and positive
solar elevation larger than 27.5◦. The grey solid line is the identity line. The grey dashed curve shows the bias obtained from CDF matching
and the white solid curve is the best fit using four sine waves. (b) Cumulative distribution function for observations (solid line) and first guess

(dashed line). Arrows illustrate the CDF matching technique described in the text.

et al., 2007). Although we do not have a third data source
to check this requirement explicitly, we do think that CDF
matching is a valid approach for our application.

The bias is determined by plotting quantile–quantile
(QQ) plots obtained by matching the CDF of the obser-
vations and CDF of the model first guess (Figure 4(b)).
The QQ plots are used to obtain the bias by subtracting
the matched pairs; for example, an observed RH value of
27% that was in the 50th percentile of the observed CDF
would be matched to the value for the 50th percentile in
the model CDF, i.e. 32%, and the assumed bias would
amount to 5%. The CDF is not dependent on the choice
of bin size; here we used a bin size of 5% in RH units.

The bias as function of observed RH is obtained by
fitting four sine-wave components of a Fourier series

using the least-squares method. That is, the RH bias func-
tion for each standard pressure level P , solar elevation
angle category (i.e. θ > 27.5◦ and θ < 0◦) and sonde
type given by the BUFR code s (e.g. 79 for the Vaisala
RS92 Digicora II) depends on the observed RH (Robs) as
follows:

BIAS(Robs, P, θ, s) = α1 sin[
π

100
Robs(P, θ, s)]

+ α2 sin[
2π

100
Robs(P, θ, s)]

+ α3 sin[
3π

100
Robs(P, θ, s)]

+ α4 sin[
4π

100
Robs(P, θ, s)]. (1)
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Figure 4 shows the bias obtained from the QQ plot
(grey dashed curve) and the bias function obtained by
Equation (1) (white solid curve). The advantage of using
sine waves in Equation (1) is that they are zero when
RH is 0% and 100%, thus minimizing the clipping
required when applying the bias correction. Note that
fitting many sine waves (e.g. more than 4) might increase
the bias error associated with the fitting function because
it introduces overshooting effects. These occur as the
higher frequency sine waves try to reproduce small and
statistically insignificant zigzag patterns in the bias curve
obtained from the QQ plot. The size of bias errors can
be seen by comparing the grey dashed curve and the
white solid curve in Figure 4(a). Typically, the size of
bias errors associated with the fitted function is less than
5% in relative humidity. Because the bias function is
only computed for each layer around a standard pressure
level, the bias at a non-standard pressure level is obtained
by interpolating linearly in log pressure between the two
closest standard levels. For positive solar elevation angles
below 27.5◦, a linear function that takes into account the
increase in the magnitude of the bias with solar elevation
angle is used (Figure 5).

The bias functions given by Equation (1) for the
different radiosounding systems, positive and negative
solar elevation angle categories and standard pressure
levels are shown in Figures 6 and 7. The bias functions for
Vaisala RS80A are mainly negative, which is consistent
with a dry bias in the radiosonde humidity at all levels,
except for the mid levels at night-time (Figure 6(a) and
(b)). For MODEM the bias functions exhibit a dry bias at
low levels and a moist bias at mid and upper levels, which
is particularly pronounced at night-time (Figure 6(c) and
(d)). The bias of the Vaisala RS92 with respect to the
first guess is generally positive (i.e. moist bias) for large
RH values. However, the bias is negative at most levels
for RH below 30%. Note that in the AMMA region there
are several systems associated with Vaisala RS92 sondes,
which have different WMO BUFR codes: Digicora II
ground stations with 79 and Digicora III with 80 (Table I).

The difference between the two systems is linked to the
ground station used. It is not clear whether this has any
effect on the bias of the observed RH. During the day, the
biases of the two Vaisala RS92 radiosonde systems are
similar (Figure 7(c) and (d)). However, during night-time
at low levels (e.g. 1000 hPa and 925 hPa) there is a large
difference between the two bias functions for Vaisala
RS92 radiosonde systems (Figure 7(a) and (b)). This is
likely to be associated to a large extent with differences
in the model bias between the regions where Digicora II
and Digicora III stations are located. The effect of the
model bias in the correction scheme is discussed in the
next subsection.

4.3. The use of a reference sonde to estimate the model
bias

The bias estimate obtained from Equation (1) includes
the RH bias of sonde observations as well as the
bias of the model FG with respect to a reference
observation (OBSREF) that is considered to be bias
free , i.e. BIAS = OBS − FG = (OBS − OBSREF) −
(FG − OBSREF). The next step is to separate the two
biases in order to isolate the bias of the sonde RH sensor
that needs to be corrected. This is done by using the most
accurate sonde type as a reference. The observations from
this reference sonde are assumed to have a small bias
compared with the bias of the FG. Therefore, the bias of
the reference sonde with respect to the FG is assumed to
be mainly due to the model FG bias.

The selected reference sonde is the Vaisala RS92 at
night-time, i.e. the same as in the operational radiosonde
bias correction scheme presented in section 3. During the
AMMA field experiment in 2006 two types of Vaisala
RS92 systems were used: Digicora II in Niamey, Agadez,
Tamanrasset, Dakar and Abidjan (BUFR code 79) and
Digicora III in Abuja and Tamale (BUFR code 80).
The reference sonde is chosen to have BUFR code s =
79 because most of the Vaisala RS92 data received at
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Figure 5. Example showing the type of function used to approximate RH bias dependence on solar elevation. The values of RH bias correction
for negative solar elevations and solar elevations larger than or equal to 27.5◦ are taken from the functions shown in Figures 7 and 6, here
shown as −10% and −20% respectively. These comprise the corrections for the negative and positive solar elevation regimes. The values of RH
bias correction for solar elevations between 0◦ and 27.5◦ are obtained by a linear interpolation between the negative and positive solar elevation

regimes.
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Figure 6. Relative humidity bias functions for Vaisala RS80A Digicora I,II (WMO BUFR code 61), and Modem (WMO BUFR code 56)
radiosondes for positive (right panels) and negative (left panels) solar elevation angles. The different lines correspond to different standard
pressure levels from 1000–300 hPa (thin black solid line: 1000 hPa; thick black solid line: 925 hPa; black dashed line: 850 hPa; black dotted

line: 700 hPa; grey solid line: 500 hPa; grey dashed line: 400 hPa; grey dotted line: 300 hPa).

ECMWF via GTS in 2006 are associated with Digicora
II ground stations.

The model bias profile can be estimated for the
locations where there are reference sondes within
the AMMA region and the period selected by using
the BIAS functions of the reference sonde, i.e.
BIAS(Robs, p, θ < 0, s = 79). From Figure 7(a), it can
be inferred that the model has a dry RH bias of up to
14% close to the surface (1000 hPa) and also at mid and
upper levels, i.e. above 700 hPa (up to 17%). At levels
close to the boundary layer top (∼850 hPa) the model has
a moist bias of approximately 5%. This is consistent with
the model boundary layer being too deep, which is due
to mixing being too strong in the model over the Sahel
region, where most of the reference sondes are located.

The scheme assumes that the FG bias profile is constant
in time (e.g. day and night) and space (e.g. within
the AMMA region). In practice, this assumption does
not always hold because (1) the FG bias varies with
time of year, time of day and location, and (2) the
reference sondes are not co-located in space and time
with the other sonde types that need to be corrected.
Thus, time and spatial differences in the FG biases
will introduce inaccuracies in the estimated bias for
the different sonde types. These spatial differences are

illustrated by comparing Figure 7(a) and (b) if we assume
that the biases of the two different Vaisala RS92 systems
are similar and close to zero at night-time. In other
words, the differences between them are thought to be
largely due to differences in the biases of the FG at the
locations in which there are Digicora II and Digicora
III ground stations. These differences are largest at low
levels (1000 and 925 hPa). The FG is too dry at the
Digicora II stations, which are mainly located over the
Sahel (between 10◦N and 20◦N), whereas the FG is too
moist at the Digicora III stations, which are closer to
the Guinea coast (between 5◦ and 10◦N). Because the
reference radiosounding system is Digicora II, the bias of
night-time Vaisala RS92 data from Digicora III stations
will be overestimated. This problem will also occur with
other stations and sonde types that have different FG
biases from those at the location of the reference sondes.
Differences between FG biases at night and day will also
create inaccurate estimates of sonde biases. For instance,
it is known that at night-time the model fails to produce
a profile with a large enough moisture values close to the
surface. This dry FG bias is much smaller or non-existent
during the daytime, when the RH is much more mixed in
the boundary layer. Because the FG bias is assumed to be
fixed in time as well as space, this pronounced dry bias
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Figure 7. Relative humidity bias functions for Vaisala RS92 Digicora I,II (WMO BUFR code 79) (panels (a) and (c)) and Vaisala RS92 Digicora
III (WMO BUFR code 80) (panels (b) and (d)) radiosondes for negative (upper panels) and positive (lower panels) solar elevation angles. Lines

depict the same standard pressure levels as in Figure 6.

at night-time will be assumed also to occur during the
daytime. As a result, the bias of observed RH during the
daytime will be overestimated near the surface in order to
yield the same dry FG bias as at night-time. In summary,
the FG can have a detrimental impact on the accuracy of
the humidity correction because of the assumption that
the FG biases do not vary with geographical location and
time.

Finally, the assumption that Vaisala RS92 sondes have
no bias is not accurate at upper levels for temperatures
lower than −20◦C. Miloshevich et al. (2006) (see also
section 2) found dry biases in the observations at upper
levels, which are not corrected by the scheme presented
here. Furthermore, it is worth noting that ECMWF
analyses blacklist all the radiosonde humidity above
300 hPa for MODEM, and for Vaisala RS92/RS80 if
temperatures are below −80◦C/−60◦C.

Another issue with Vaisala RS92 as reference sonde
is that of a moist bias found in TCWV with respect
to GPS TCWV. Nuret et al. (2008) found a bias of
+1.8 kg m−2 at night-time for Niamey RS92 sondes
during the AMMA field experiment. A TCWV moist
bias was also found in night-time Vaisala RS92 sondes
launched at the Atmospheric Radiation Measurement
(ARM) Southern Great Plains site (Cady-Pereira et al.,
2008). The reason for the moist bias in night-time Vaisala

RS92 is still not well understood. As a result of this moist
bias in the reference sonde, the correction for the dry bias
of the other sondes will tend to be overestimated.

4.4. Application of bias correction with respect to a
reference sonde

The bias correction is computed using Equation (1) by
subtracting the bias function of the reference sonde (sonde
type BUFR code s = 79) from the bias function of the
sonde to be corrected. The corrected RH (Rcorr) for an
observed RH value (Robs) is given by:

Rcorr(p, θ, s) = Robs(p, θ, s) − [BIAS(Robs, p, θ, s)

− BIAS(Robs, p, θ < 0, s = 79)]. (2)

Figures 8 and 9 provide the structure of the estimated
RH bias correction given by the last two terms within
the square brackets in Equation (2) for Vaisala RS80A,
MODEM and Vaisala RS92 sondes. Note that the data
sampling from VIZ, Sippican and Graw sites in the
AMMA domain (see Figure 1) is not adequate for a
meaningful analysis. Overall, the structure of the bias
correction for Vaisala RS80A (Figure 8(a) and (b)) is
consistent with that found by Nuret et al. (2008) based on
radiosonde data in Niamey (see their Figure 2). However,
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Figure 8. Relative humidity (RH) bias estimate used in the correction [RH units in %] for (panels (a) and (b)) Vaisala RS80A Digicora I, II
(WMO BUFR code 61) and (panels (c) and (d)) MODEM M2K2 (WMO BUFR code 56), for daytime on the left panels (solar elevation angle
θ > 27.5◦) and night-time on the right panels (solar elevation angle θ < 0◦). Superposed dashed lines correspond to the 10% (left) and 99%

(right) CDF isolines.

some differences in the magnitude of the correction
can be found, such as larger bias corrections during the
daytime, because Nuret et al. (2008) do not correct for
solar heating effects. For example, the magnitude of the
dry bias is around 20% at mid levels (from 600–400 hPa)
whereas in Nuret et al. (2008) it is around 12%. Close
to the surface the dry bias is also large during both
daytime and night-time, reaching values of −20% in
RH compared with −14% in Nuret et al. (2008). This
is probably linked to differences in the model bias at the
locations of the Vaisala RS80A and the reference sondes,
as well as day–night differences in model biases.

For MODEM the dry bias close to the surface can
reach values of up to −12% to −20% in RH and at upper
levels during the daytime up to −8% (Figure 8(c)). Note
that at night-time there is also a moist bias at mid and
upper levels from +8 up to +16% in RH (Figure 8(d)).
These results are consistent with those from the 1st
MODEM WMO intercomparison study using the Snow
White chilled-mirror hygrometer performed in Mauritius
in 2005 (see Nash et al., 2005).

The dry bias due to solar heating of the sensor can
be assessed by examining the bias of the Vaisala RS92
sondes during the daytime (Figure 9(a) and (b)), as
radiation error is known to be its main contributor (Vömel
et al., 2007). The dry bias is largest close to the surface
(up to −12%) and at mid to upper tropospheric levels,
with values between −12% and −16% at 150 hPa for RH
of the order of 30%. This corresponds to a relative bias
between −40% and −50%, which is consistent with the
results of Yoneyama et al. (2008) and Vömel et al. (2007).
However, the results differ at the surface with relative
biases of up to −17% compared with −9% in Vömel et al.
(2007) and close to zero in Yoneyama et al. (2008). This
could be partly attributed to differences in the radiation
heating of the sensor arm (see Wang et al., 2002) and
also to the overcorrection due to the diurnal difference in
the dry FG biases close to the surface. The results also
show discrepancies in comparison with those of Vömel
et al. (2007) and Yoneyama et al. (2008) at 800 hPa, i.e.
in the region close to the boundary layer top. The relative
biases around 800 hPa are estimated to be 0% compared
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Figure 9. Relative humidity (RH) bias estimate used in the correction [RH units in %] for (a) Vaisala RS92 Digicora II (WMO BUFR code 79)
radiosondes during the daytime (solar elevation angle θ > 27.5◦) and ((b) and (c)) Vaisala RS92 Digicora III (WMO BUFR code 80) during

daytime and night-time (solar elevation angle θ < 0◦). Superposed dashed lines correspond to the 10% (left) and 99% (right) CDF isolines.

with values of the order of −5% and −10% in Yoneyama
et al. (2008) and Vömel et al. (2007) respectively. The
diurnal difference in the FG bias at those levels near the
boundary layer top (see section 4.3) is causing the scheme
to underestimate the dry bias associated with solar heating
of the sonde between 950 and 750 hPa.

The estimated bias correction structure for VRS92
Digicora III at night-time (Figure 9(c)) shows that the
sondes are corrected for a dry bias between 4% and 16%
close to the surface. Part of this correction is due to
the FG bias at the location of the Vaisala Digicora III
stations being different from the FG bias at the location
of the reference sondes (see section 4.3). There is also the
possibility that the Vaisala RS92 Digicora III data have a
moist bias with respect to the Vaisala RS92 Digicora II
data, due to differences in the processing of the data at
the ground stations. The comparison of the uncorrected
radiosonde data with GPS TCWV at the Tamale Digicora
III ground station reveals a moist bias that is larger than
the moist bias at the Digicora II ground station of Niamey
(Figure 10, see next section for more details).

5. Evaluation of the radiosonde humidity bias cor-
rection

The radiosonde humidity bias correction is first eval-
uated by comparing the uncorrected and corrected
radiosonde profiles with independent GPS TCWV. The
ground-based GPS receivers collect microwave signals
transmitted from 8–10 GPS satellites in view. After
processing these signals, the ZTD (zenith tropospheric
delay) parameters can be retrieved at 1 h intervals in
all weather conditions. TCWV is derived from ZTD,
surface pressure and mean tropospheric temperature (see
Bevis et al., 1992). Comparison between GPS and the
most accurate datasets of TCWV (see Bock et al. (2007)
and references therein) showed that the RMSE of GPS
TCWV is in the range of 1–2 kg m−2 and the bias at
individual sites is smaller than ±1 kg m−2.

Six GPS stations have been established over West
Africa in the framework of AMMA (Bock et al., 2008).
Five of these stations are co-located with radiosonde
stations. In addition, the Dakar GPS station belonging
to the International Global Navigation Satellite Systems
(GNSS) Service (IGS) network is also used here. The
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Table II. Location of GPS stations used to compare with radiosonde (RS) data and displacement between GPS and radiosonde
sites (GPS-RS).

GPS Station GPS Lat Lon Alt Horiz. displ. Vert. displ
name ID [◦N] [◦E] [m] from RS station [km] from RS station [m]

Niamey NIAM 13.48 2.18 223 3 −4
Tombouctou TOMB 16.73 357.00 263 1 0
Dakar DAKA 14.68 342.53 16 6 −8
Tamale TAMA 9.55 359.14 170 1 2
Ouagadougou OUAG 12.36 358.49 305 1 −1

Table III. Statistical results of the comparison between uncorrected RS and GPS TCWV. Day includes soundings between 0600
UTC and 1800 UTC (included) and night between 1800 UTC and 0600 UTC (included) on the next day.

Time Sonde N TCWV BIAS STD BIAS
T CWV

ST D
T CWV

R N

stations (GPS) (RS-GPS) (RS-GPS) [%] [%] points

NIGHT MODEM 1 47.67 +0.82 3.27 +1.7 6.9 +0.78 12
DAY MODEM 1 46.28 −3.84 3.21 −8.3 6.9 +0.83 17
NIGHT RS80A 3 46.01 −4.65 2.43 −10.1 5.3 +0.94 36
DAY RS80A 3 45.50 −8.47 2.57 −18.6 5.7 +0.92 53
NIGHT RS92 3 49.42 +2.16 1.58 +4.4 3.2 +0.96 153
DAY RS92 3 49.79 −0.01 2.06 0.0 4.1 +0.91 150

location of all these GPS stations is reported in Table II.
Three stations are used for the computation of RS80A
and RS92 bias with respect to GPS, and one station
(Ougadougou) for the MODEM bias. The radiosonde
profiles are integrated from the altitude of the GPS to the
top of the sounding. The difference in elevation with the
GPS station is corrected by interpolating or extrapolating
the radiosonde profile. Only the soundings with at least
15 levels reporting humidity and reaching at least an
altitude of 6 km are retained.

Table III compares uncorrected RS TCWV with GPS
TCWV as a function of sonde type for night-time
and daytime. The RS92 sites (Niamey, Dakar and
Tamale) show on average a wet bias during night-time
(+2.2 kg m−2) and a small dry bias during the day. This
is consistent with the moist bias found in nightime Vaisala
RS92 sondes (Nuret et al., 2008; Cady-Pereira et al.,
2008). The magnitude of the biases can also be affected
by inaccuracies in the GPS TCWV of ±1 kg m−2.

The RS92 with Digicora III ground station (i.e. Tamale)
shows a moister bias than the Digicora II stations (i.e.

Niamey and Dakar). The reason for this discrepancy is
not known. The RS80A sites (Tombouctou, Niamey and
Dakar) show a large dry bias during both night-time
(−4.6 kg m−2) and daytime (−8.5 kg m−2). These are
comparable to the biases found in Nuret et al. (2008)
of −5.5 kg m−2 and −7.9 kg m−2 for Niamey during
night-time and daytime respectively. The relative biases
are −10% for night-time and −19% for daytime, which
are much larger than the biases found by Wang and
Zhang (2008) for Vaisala RS80A with values of −2.6% to
−6.1%. This could be due to the fact that in Tombouctou
the Vaisala RS80A sondes used were up to nine years old
(Nuret et al., 2008). The MODEM site (Ouagadougou)
shows a wet bias during night-time (+0.8 kg m−2) and
a dry bias during daytime (−3.8 kg m−2). Table IV
compares the corrected radiosonde TCWV with the GPS
TCWV in a similar way to Table III. As expected,
the correction at RS92 sites is very small during the
night-time but introduces a slight wet bias during the
daytime (+1.5 kg m−2). The correction at RS80A sites
significantly reduces the biases to +1.2 kg m−2 (i.e.

Table IV. Statistical results of the comparison between corrected RS and GPS TCWV. Day includes soundings between 0600
UTC and 1800 UTC (included) and night between 1800 UTC and 0600 UTC (included) on the next day.

Time Sonde N TCWV BIAS STD BIAS
T CWV

ST D
T CWV

R N

stations (GPS) (RS-GPS) (RS-GPS) [%] [%] points

NIGHT MODEM 1 47.67 +1.25 3.16 +2.6 6.6 +0.77 12
DAY MODEM 1 46.28 +1.16 3.27 +2.5 7.1 +0.81 17
NIGHT RS80A 3 46.01 +1.16 2.37 +2.5 5.2 +0.94 36
DAY RS80A 3 45.50 −0.94 2.85 −2.1 6.3 +0.91 53
NIGHT RS92 3 49.42 +2.65 1.59 +5.4 3.2 +0.96 153
DAY RS92 3 49.79 +1.53 2.03 +3.1 4.1 +0.93 150
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wet bias) during the night-time and −1 kg m−2 (i.e.
dry bias) during the daytime. The values are similar to
those obtained by Nuret et al. (2008) of +1.8 kg m−2

and −2.8 kg m−2. Their correction did not account
for solar heating effects, and therefore the dry bias of
their corrected radiosonde humidity during the daytime is
larger than the bias of the corrected data from this study.

At the MODEM site the night-time wet bias is
increased slightly and a wet bias is introduced during the
day (+1.2 kg m−2). The standard deviation between RS
and GPS does not change significantly after correction.
In summary, the results show that most of the corrected
radiosondes have a small wet bias compared with the
GTS TCWV, which is consistent with the wet bias of
the RS92 at night-time, i.e. the reference sonde. These
are the results expected from the bias correction scheme
presented here because it has been designed to correct all
the sonde types to have the same bias as the reference
sonde type. The only sonde type that does not have a wet
bias after correction is the Vaisala RS80A. This indicates
that its bias correction is underestimated, probably due
to the omission of the sonde age factor in the bias cor-
rection scheme. Sensor ageing is a contributor to the dry
bias in Vaisala RS80A RH measurements (see Wang et
al. (2002) for details).

As the humidity bias varies with solar elevation,
it is important to assess the corrections at different
times of the day. Figure 10 shows the TCWV relative
bias with respect to GPS for uncorrected and corrected
radiosonde profiles associated with different sonde types
at different times of day. For the uncorrected profiles

it is clear that there is a strong diurnal variability in
the TCWV relative bias with diurnal differences of
4–10%. This agrees with results from Wang and Zhang
(2008), which showed day–night differences of 5–7%
for Vaisala RS92 sondes compared with GPS TCWV.
These diurnal differences will affect the diurnal cycle
of humidity, as well as other parameters linked to low-
level humidity such as CAPE (Nuret et al., 2008). The
corrected profiles have much smaller diurnal differences
in the relative biases (of the order of 2%), except for
the RS80A profiles (Niamey and Tombouctou), which
show a difference of approximately 3–10%, reflecting
the underestimation in the bias correction during daytime.
This has to be considered when looking at the diurnal
cycle of the corrected RS80A sondes, which might still
have spurious daily fluctuations due to the bias during
the daytime, although this is largely reduced compared
with the uncorrected RS80A sondes (e.g. 14% day–night
difference in Tombouctou).

6. Impact of the radiosonde humidity bias correction
on ECMWF analyses and forecasts

The ultimate aim of the correction scheme presented
in this article is to obtain unbiased radiosonde humid-
ity data that can be assimilated in NWP analyses, as
the data assimilation system assumes the conventional
observations are unbiased. In order to test the impact
of the new radiosonde bias correction scheme on the
ECMWF analysis and forecast, two analysis experiments
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Figure 10. (a) GPS TCWV; relative TCWV bias of radiosonde versus GPS data (RS–GPS) (b) before and (c) after applying the bias correction
to the radiosonde humidity; (d) number of points (NP) for five different stations using Vaisala RS80, RS92 and MODEM sondes.
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at resolution T511 (∼40 km) and 91 vertical levels have
been performed using the ECMWF IFS CY32r3, opera-
tional between 6 November 2007 and 3 June 2008 (see
Bechtold et al., 2008). The first analysis experiment is
the control experiment with no humidity bias correction,
using only the old temperature bias correction (see sec-
tion 3). The second analysis experiment has the new

operational radiosonde temperature and humidity bias
correction described in section 3, as well as the bias cor-
rection procedure described in section 4 for the AMMA
region.

The mean departures of radiosonde RH with respect
to model FG (i.e. OBS − FG) and analysis (i.e.
OBS − AN ) for the two analysis experiments with and

Figure 11. RH observations minus first guess (solid lines) and observations minus analysis (dotted lines) bias statistics [%] accumulated over the
month of August 2006, comparing the control experiment (grey) and the radiosonde bias correction experiment (black) for: (a) and (b) Vaisala

RS92; (c) and (d) Vaisala RS80A; (e) and (f) MODEM sondes.
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without humidity bias correction are shown in Figure 11.
It is important to realize that OBS in the control experi-
ment is the uncorrected observation, whereas it includes
the bias correction in the bias-corrected experiment. Mean
departures are an important tool in data assimilation,
because they are used to monitor the mismatch between
model and observations, which can be due to biases in
the observation as well as model biases.

Figure 11 shows a number of features. First, the
analysis departures are (OBS − AN ) smaller than the
first guess departures (OBS − FG), which indicates that
the observations have an impact and that the analysis
system is drawing to the data. Secondly, for the sonde
types with significant bias correction, the systematic
analysis increments (difference between FG and AN) are
much smaller in the bias-correction experiment than in
the control. This is reassuring, because it indicates that
the model and observation are in much better balance
after the correction than before. Thirdly, we can see that
with bias correction of e.g. the RS80, the remaining
OBS − FG shows the vertical structure of the RS92
night-time sonde. This is to be expected, because the
RS92 at night is used as a reference. The remaining
departure is difficult to interpret; it could be a model bias
and a bias in the RS92. The 1000 hPa departure after
bias correction appears as an exception to this general
pattern and is larger than expected. It should, however,
be realized that the computation of the mean departures
for different sonde types is by construction for different
locations, with potentially different meteorology. So the
difference between OBS − FG after correction for RS80
and RS92 is most likely due to the difference in location.
In other words, if a RS92 sonde were to have been co-
located with a RS80 sonde then its OBS − FG structure
would have looked exactly like the one that is illustrated
for the RS80 sonde after bias correction in Figure 11.

In general, the mean FG departures are reduced or
change sign from negative to positive at the low and
mid troposphere, in agreement with the increase in the
radiosonde RH values after being corrected for their dry
bias. This is because the model FG is too moist compared
with OBS before the radiosonde humidity is corrected
and too dry after the correction. This has important
consequences for the analysis increments (solid minus
dashed line in Figure 11), which change from negative
to positive. That is, when the radiosonde humidity is
not corrected its impact is to dry the analysis, whereas
when it is corrected it contributes to moisten the analysis.
The only exception is the Vaisala RS92 sondes at night-
time, i.e. the reference sondes that are not corrected, and
MODEM sondes at night-time, which have a removal of
moisture at the mid troposphere to correct for their moist
bias. At the levels around 850 hPa the impact of the
correction is smaller because the magnitude of the sonde
bias is thought to be underestimated (see section 4.3). The
final analysis has also a generally smaller bias at the mid
and upper troposphere with respect to observations when
the observations are corrected. Close to the surface the
bias of the analysis appears to be slightly larger due to the
overcorrection of moisture by the bias correction scheme,
i.e. the corrected observations close to the surface are too
moist (see section 4.3).

By reducing the dry bias of the AMMA radiosonde
stations and changing the sign of the RH analysis
increments, the total column water vapour (TCWV) in the
analysis increases by an amount between 1 and 4 kg m−2

(Figure 12). The increase in moisture is mainly located
around the Vaisala RS80A stations (code 61). Some of
these stations are in the vicinity of the steep meridional
moisture gradient over the northern Sahel region. Thus,
the dry bias can also have an impact on the location and
magnitude of this gradient. The humidity bias correction

Figure 12. Mean total column water vapour [kg m−2] from 1–31 August 2006 from analysis experiments: (a) difference between radiosonde
humidity bias correction experiment and control experiment at 0000 UTC; (b) same as in (a) at 1200 UTC; (c) control experiment at 0000 UTC;

(d) control experiment at 1200 UTC.
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has a larger impact on TCWV during the daytime (1200
UTC), when the dry bias associated with solar heating
is largest. In particular, stations using MODEM radio
sondes (code 56) have an increase of moisture during the
daytime but not during the night-time, because MODEM
have a dry bias at low levels during the day and a moist
bias at mid levels during the night-time.

The impact on the TCWV of the analysis can also
be evaluated by comparing the TCWV from the analysis
profiles at the nearest gridpoint to the GPS station with the
TCWV derived from ground-based GPS. Figure 13 shows
the relative bias for the two analysis experiments using
corrected and uncorrected radiosonde data respectively.
The analysis of the control experiment without the bias
correction shows a dry bias compared with the GPS
data, particularly for Tombouctou (−5 kg m−2) where
only Vaisala RS80A sondes were deployed. The other
radiosonde stations show a much smaller impact overall
because they either did not use the RS80A sondes or
they used a mixture of RS80A and RS92 sondes (e.g.
Niamey). The use of corrected humidity profiles in
the analysis reduces the TCWV bias with respect to
GPS at all the sites. The TCWV bias at Tombouctou
is greatly reduced to around −1 kg m−2, but it still
remains too dry. The standard deviation tends to increase
slightly but the correlation also increases. Time series
of TCWV from GPS and model analysis for the two
experiments generally show a good agreement consistent
with high correlations (r2 between 0.7 and 0.9, not
shown).

The overall increase in tropospheric moisture has a
direct impact on different diagnostics linked to con-
vection. Figure 14 illustrates this for the model grid-
point nearest to Bamako (12.53◦N, 7.95◦W). By applying
the humidity bias correction, the RH averaged within a
50 hPa layer (∼500 m) from the surface increases by
11% on average. As a result, the mean CAPE increases
by 890 J kg−1 and the mean CIN decreases by 72 J kg−1.
Overall, these changes lead to more realistic values for
this tropical area. However, significant variations from
one day to the next are reflected in the large scatter. The
occurrence of lowest CAPE and highest CIN is related
to the drop of CAPE and the jump of CIN accompa-
nying the passage of rainfall events and the following
recovery period. The impact of the correction on CAPE
appears to be more pronounced during the daytime. This
is related to higher values of equivalent potential tem-
perature in the convective boundary layer, mainly linked
to higher values of water vapour mixing ratio. Conse-
quently, the mean pressure of the lifting condensation
level (LCL) and the level of free convection (LFC) is
lowered with respect to the surface pressure by 37 and
101 hPa respectively on average. Again, daytime low-
ering of the LCL is particularly large, reaching up to
100 hPa on some occasions. These changes in LCL are
directly related to changes of RH (Betts, 1997) as shown
by comparing Figure 14(a) and (e). The level of neu-
tral buoyancy (LNB) increases on average by 104 hPa.
These results are consistent with the impact on CAPE and
CIN found by Guichard et al. (2000) and Ciesielski et al.
(2003) after applying the correction of Wang et al. (2002)
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Figure 14. Scatter plots of (a) RH averaged within a layer 50 hPa from the surface, (b) convective available potential energy (CAPE), (c)
convective inhibition (CIN), (d) pressure level associated with the level of free convection (LFC), (e) the lifting condensation level (LCL) and
(f) the level of neutral buoyancy (LNB) with respect to the surface at Bamako from 1–31 August 2006 with bias correction experiment (y-axis)
versus the control experiment (x-axis). Black triangles depict the analysis profiles at 0000 UTC, black asterisks at 0600 UTC, grey circles at

1200 UTC and grey asterisks at 1800 UTC.

to the radiosonde humidity in the TOGA–COARE exper-
iment. The magnitude of the impact appears to be much
larger for the analysis profiles at Bamako than for most of
the sites in the TOGA–COARE experiment, with consis-
tently higher values of CAPE found over land compared
with the ocean and also to the correction of RH being
larger in the AMMA radiosonde bias correction scheme
than in Wang et al. (2002). In summary, it is clear that

in Bamako the radiosonde humidity bias correction leads
to environmental conditions that are significantly more
favourable to the development of clouds and convection.

The impact on cloud cover, diagnosed as lower
simulated infrared brightness temperatures for channel
10.8 µm, derived from analysis fields can be seen in
Figure 15. There is an increase in cold cloud tops
over the region of the Gulf of Guinea and Cameroon
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Figure 15. Mean infrared brightness temperatures [K] (channel 10.8 µm) for 1–31 August 2006 at 1200 UTC from observations and simulated
from analysis data. (a) Difference between radiosonde humidity bias correction experiment and control experiment; (b) observations from

Meteosat; (c) control experiment; (d) radiosonde humidity bias correction experiment.

Figure 16. Mean daily precipitation 1 day forecast (T + 42–T + 18) initialized at 1200 UTC and observations from 3 August 2006–2 September
2006 [mm day−1]. (a) Difference between radiosonde humidity bias correction experiment and control experiment; (b) daily accumulated
precipitation derived from satellite and rain-gauge data, courtesy of FEWS (Famine Early Warning System), NCEP, NOAA; (c) control experiment;

(d) radiosonde humidity bias correction experiment.

Copyright c© 2009 Royal Meteorological Society Q. J. R. Meteorol. Soc. 135: 595–617 (2009)
DOI: 10.1002/qj
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highlands, as well as an increase of lower level clouds
in the regions around N’Djamena (12.13◦N, 15.03◦E),
Niamey (13.48◦N, 2.17◦E), Bamako (12.53◦N, 7.95◦W)
and Dakar (14.73◦N, 17.50◦W). In the areas around
Bamako and Niamey there is also a precipitation increase
of 2 mm day−1 in the short-range forecast (T + 36 −
T + 12) (Figure 16). Overall there is not much change
in the Soudanian zone south of 10◦N between 10◦W and
0◦, and there is an increase in the precipitation over the
Sahel between 10◦N and 15◦N (Figure 16). However, the
magnitude of the mean precipitation is still too low in
the forecast compared with the satellite-derived precipi-
tation (Figure 16(b) and (d)). This is further quantified
for the Sahel as a whole in Figure 17). The intrasea-
sonal fluctuation of rainfall diagnosed by the NOAA/CPC
FEWS RFEv2 rainfall product (Laws et al., 2004) in
August 2006 and by other satellite rainfall products as
well (not shown) is captured by both experiments, despite
the smaller rainfall amounts. It is also notable that the
increase of rainfall in the radiosonde humidity bias cor-
rection experiment with respect to the control experiment
is much larger during the most rainy period of the month
(i.e. from 19–24 August) than before and after. As a
result, the amplitude of the intraseasonal variations is
better represented. Although the bias correction and the
impact of TCWV is largest during the daytime, the shape
of the diurnal cycle of precipitation is the same for both
experiments (not shown), peaking at 1800 UTC. Finally,
it is worth noting that despite having most of the sonde
data over the continent, the impact of the bias correction
on the precipitation is largest over the ocean at 17.5◦W.
This could result in stronger easterly waves developing
downstream.

7. Summary and conclusions

The radiosonde humidity bias correction proposed here
is a refined version of the operational bias correction
introduced in the ECMWF IFS cycle 32R3. It was
developed in view of applying it to the AMMA reanalysis
performed at ECMWF, which makes use of all the extra
radiosonde data provided by the AMMA field experiment
in 2006 (Redelsperger et al., 2006). During the AMMA
field experiment many Vaisala RS80A and RS92 as well
as MODEM radiosondes were deployed from different
stations in West Africa. The soundings were monitored
at ECMWF and a significant dry bias was found for
all sonde types except for the Vaisala RS92 at night-
time with only a small dry bias at upper levels, and
MODEM at night-time with a moist bias. The dry bias
in the radiosonde relative humidity over Sahel was found
to have a strong seasonal cycle, indicating the need to
consider the dependence of the bias on the magnitude
of the observed relative humidity. This dependence is
not included in the operational bias correction scheme.
The aim of the bias correction method presented here
is to correct the humidity profiles so that they yield
the same bias as the night-time Vaisala RS92 sondes,
which are taken as a reference. The validation of the
AMMA correction method has been done using ground-
based GPS data, which provide a fully independent
observational dataset of TCWV.

The main findings are listed below.

(1) The corrected sondes (Vaisala RS80A, MODEM
and Vaisala RS92) at different solar elevations
have the same TCWV bias with respect to ground-
based GPS TCWV as the reference sonde (Vaisala
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Figure 17. Time series of daily mean total precipitation for day 1 forecast (T + 42–T + 18 initialized at 1200 UTC) over Sahel [10◦W–10◦E
and 10◦N–20◦N] for radiosonde humidity bias correction experiment (dotted line) and control experiment (dashed line). Black curve is daily
accumulated precipitation derived from satellite and rain-gauge data, courtesy of FEWS (Famine Early Warning System), NCEP, NOAA. All
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RS92 at night-time), i.e. a small wet bias of
approximately 2 kg m−2. This confirms that the
method presented in the paper is performing as
expected. The only exception is the Vaisala RS80A
sondes during the daytime, which show a smaller
dry bias after correction, indicating that the scheme
underestimates the correction for Vaisala RS80A
sondes at positive solar elevation angles. This could
be attributed to the fact that the Vaisala RS80A
sondes used during the AMMA field experiment in
2006 were much older than the reference Vaisala
RS92 sondes.

(2) Overall the bias correction reverses the sign of the
relative humidity bias of the sondes with respect
to the model first guess below 850 hPa. In the
upper troposphere, the dry bias is reduced, but the
impact of the bias correction is smaller than at
low levels. This might be due to the upper-level
dry bias associated with Vaisala RS92 at night-
time which is not corrected by the scheme. The
correction close to the surface is thought to be
too large. This can be linked to the introduction
of inaccuracies by the first guess bias. As future
work, one could try to devise a way to include the
diurnal and geographical changes of the first guess
bias in the correction scheme.

(3) The results from the analysis experiment using
the humidity bias correction performed during
the period of August 2006 confirm that there
is a significant impact on NWP analysis and
forecast. The humidity analysis increments over
Sahel tend to be negative when the radiosonde dry
bias is not corrected, i.e. the impact of radiosonde
humidity observations is to dry the analysis. This
contributes to the deficit of precipitation over
Sahel in the short-range NWP forecast. When the
radiosonde humidity dry bias is corrected, these
negative analysis increments are greatly reduced or
become positive. Thus, the drying effect that the
observed RH from radiosonde had on the humidity
analysis is either much smaller or reversed, i.e.
the corrected radiosonde humidity moistens the
analysis. This has a direct effect on TCWV and
convection. The increase in CAPE, decrease in
CIN and increase in precipitation is consistent with
previous studies on radiosonde bias correction in
the TOGA–COARE region. With the new bias
correction the Sahel precipitation in August 2006
increases, but there is still a deficit of precipitation
in the forecast compared with satellite-derived
precipitation. This points to remaining problems in
the NWP model concerning the representation of
mesoscale convective systems in that region. The
impact of the bias correction is largest over the
ocean off the coast of West Africa. Future work will
include the investigation of the effect of increased
precipitation over the ocean on the development of
easterly waves downstream.

(4) Over land the impact of humidity bias correction is
strongest in regions where Vaisala RS80A sound-
ings were used. This emphasizes the importance
of reporting the sonde type operationally. Unfortu-
nately, often the sonde type is not reported in the
GTS TEMP message. This is an important issue
that needs to be communicated to the operators of
the radiosonde network. In addition to the sonde
type, much of the metadata required to investigate
the sources of biases associated with the humid-
ity sensors is not available operationally (e.g. sen-
sor serial number, which can help determine the
radiosonde age).

In summary, results from analysis experiments show
how the correction of humidity is particularly important
in the West African region due to its impact on the
development of convection and the water budget in
NWP models. A global bias correction scheme became
operational in the ECMWF IFS CY32r3 in November
2007. The proposed radiosonde humidity bias correction
for the AMMA region is also applied to Vaisala RS80,
RS92 and MODEM sondes together with the operational
global correction for radiosondes which were not part
of the monitored AMMA radiosonde network in the
ECMWF reanalysis experiment for the 2006 West African
wet monsoon season during the AMMA observational
campaign. This is expected to benefit a wide number of
AMMA-related studies that make use of the reanalysis,
in particular those focusing on the water cycle.
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Miloshevich LM, Vömel H, Paukkunen A, Heymsfield AJ,
Oltmans SJ. 2001. Characterization and correction of relative
humidity measurements from Vaisala RS80A radiosondes at cold
temperatures. J. Atmos. Oceanic Technol. 18: 135–156.

Miloshevich LM, Paukkunen A, Vömel H, Oltmans SJ. 2004.
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