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ABSTRACT

This paper assesses the performance of the European Centre for Medium-Range Weather Forecasts-

Integrated Forecast System (ECMWF-IFS) operational analysis and NCEP–NCAR reanalyses I and II over

West Africa, using precipitable water vapor (PWV) retrievals from a network of ground-based GPS receivers

operated during the African Monsoon Multidisciplinary Analysis (AMMA). The model analyses show

reasonable agreement with GPS PWV from 5-daily to monthly means. Errors increase at shorter time scales,

indicating that these global NWP models have difficulty in handling the diurnal cycle and moist processes at

the synoptic scale. The ECMWF-IFS analysis shows better agreement with GPS PWV than do the NCEP–

NCAR reanalyses (the RMS error is smaller by a factor of 2). The model changes in ECMWF-IFS were not

clearly reflected in the PWV error over the period of study (2005–08). Radiosonde humidity biases are

diagnosed compared to GPS PWV. The impacts of these biases are evidenced in all three model analyses at

the level of the diurnal cycle. The results point to a dry bias in the ECMWF analysis in 2006 when Vaisala

RS80-A soundings were assimilated, and a diurnally varying bias when Vaisala RS92 or Modem M2K2

soundings were assimilated: dry during day and wet during night. The overall bias is offset to wetter values in

NCEP–NCAR reanalysis II, but the diurnal variation of the bias is observed too. Radiosonde bias correction

is necessary to reduce NWP model analysis humidity biases and improve precipitation forecast skill. The

study points to a wet bias in the Vaisala RS92 data at nighttime and suggests that caution be used when

establishing a bias correction scheme.

1. Introduction

Numerical weather prediction (NWP) models play an

increasing role in our everyday life. Short- to medium-

range weather forecasts are used to anticipate severe

weather events, which have increasing socioeconomic

impacts within the context of climate change and vari-

ability. NWP models serve also as the basis for developing

seasonal weather prediction and climate projection sys-

tems, which both are of crucial importance for vulnera-

ble regions, such as the Sahel. NWP model analyses are

also extensively used for scientific research, either as

large-scale forcings for mesoscale atmospheric simulations

in case study experiments or as a full three-dimensional

description of the atmospheric and surface parameters

for climate research. In this latter case, reanalyses are of

special interest since they are produced with a fixed

version of an NWP model and the only changes in

analysis and forecast performance result from changes in

the observations that are assimilated. Within the

framework of the African Monsoon Multidisciplinary

Analyses (AMMA; information online at http://www.

amma-international.org), NWP models thus play a cru-

cial role in many scientific research areas.

One of the main objectives of AMMA is that of im-

proving our knowledge of land, ocean, and atmosphere

processes and the interactions of the West African

monsoon (WAM) system (Redelsperger et al. 2006).

The skill of NWP models in predicting rainfall over

West Africa, and the tropics in general, is especially

low. One of the main reasons is that the major part of

precipitation is convective and that the forecast models
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have difficulty in handling the development of convec-

tion, especially over land, where it is badly phased with

the diurnal cycle (Yang and Slingo 2001). Over West

Africa, NWP models generally locate the intertropical

convergence zone (ITCZ) too far to the south. This is

observed both in NWP analyses and forecasts, though

the forecasts from both ECMWF model and the Action

de Recherche Petite Echelle–Grande Echelle (ARPEGE)

model of Météo-France have a tendency to migrate

the ITCZ to the north (but not enough compared to

the observations) during the first few forecast days

(Tompkins et al. 2005; Nuret et al. 2007; Agusti-Panareda

and Beljaars 2008). Errors in the analyses are partly due

to systematic errors in observations [e.g., radiosonde

biases; Bock et al. (2007)] or to deficiencies in the as-

similation systems [e.g., radiative transfer calculations

for satellite radiances; Andersson et al. (2005)]. Another

limiting factor, especially over West Africa, is the lack of

observations for properly constraining the vertical

thermodynamic and wind structures in the analyses. In

this respect, radiosonde data are of prime importance.

This motivated AMMA scientists to upgrade and re-

activate the West African radiosonde network for the

AMMA enhanced and special observing periods (EOPs

and SOPs, respectively). Hence, 21 stations were active

during the SOP, from June to September 2006, from

which ;7000 soundings were made (Parker et al. 2008).

During this period, seven stations made four soundings

per day, and six of them increased their frequency to

eight soundings per day during two intensive periods

(20–29 June and 1–15 August 2006). The other stations

usually made one or two soundings per day. Improve-

ments in telecommunication systems allowed a sub-

stantial increase in the number of soundings transmitted

through the Global Telecommunication Service (GTS)

to NWP centers for assimilation since March 2006 (and

throughout 2007). In addition to the enhanced radio-

soundings, many other observations were made during

AMMA, among which some also entered into the op-

erational NWP models. As a consequence, there is

much interest in using NWP model analyses and fore-

casts during AMMA since their performance is ex-

pected to be improved compared to past periods.

In the present paper we focus on atmospheric humid-

ity, which is one essential component of the West African

monsoon (WAM) water cycle, and assess its representa-

tion in three largely used NWP models: the European

Centre for Medium-Range Weather Forecasts-Integrated

Forecast System (ECMWF-IFS), the National Centers for

Environmental Prediction–National Center for Atmo-

spheric Research (NCEP–NCAR) reanalysis I [referred

to as NCEP1; Kalnay et al. (1996)], and the NCEP–

Department of Energy (DOE) reanalysis II [referred to

as NCEP2; Kanamitsu et al. (2002)]. To this end, we use

special observations collected during the AMMA EOP.

However, the assessment of NWP models makes sense

only when independent observations are used. Hence, in

the present work we use precipitable water vapor (PWV)

estimates provided by a network of ground-based global

positioning system (GPS) receivers, the data of which are

not presently assimilated into the currently used NWP

models. The GPS technique is known to provide very

accurate estimates of PWV (usually considered at the

level 1–2 kg m22) with high temporal resolution (typi-

cally hourly) and all-weather capability (Klein Baltink

et al. 2002; Haase et al. 2003; Hagemann et al. 2003;

Deblonde et al. 2005; Bock et al. 2007; Macpherson et al.

2008). However, GPS PWV estimates do not give insight

into the vertical distribution of humidity. To assess the

vertical distribution of humidity in the NWP models, it

may therefore be necessary to use radiosonde data at

sites where GPS receivers were operated. Radiosonde

humidity data are known to exhibit dry and wet biases,

depending on the type and age of the sondes, and on the

environmental conditions of use (Wang et al. 2002).

Since radiosonde data are assimilated into NWP models,

their biases can be transferred to the NWP model anal-

yses and can impact subsequent forecasts (Andersson

et al. 2005, 2007; Bock et al. 2007). Both dry and wet

biases have been evidenced in the AMMA radiosonde

network operated during summer 2006 using the GPS

PWV estimates (Bock et al. 2008a). In the present work

we extend the verification of radiosonde PWV estimates

throughout the EOP and investigate their impacts on all

three model analyses.

The present work complements the previous studies

in the following aspects. In Bock et al. (2007), we as-

sessed various observational and NWP reanalysis da-

tasets [namely, 40-yr ECMWF Re-Analysis (ERA-40)

and NCEP2] using GPS data from the International

Global Navigation Satellite Systems Service (IGS; in-

formation online at http://igscb.jpl.nasa.gov/) network

(i.e., sparsely distributed over Africa). In the present

work, we extend the verification of radiosonde data and

NWP model analyses over West Africa thanks to the

AMMA GPS stations during the more recent years

(with the exception that ERA-40 was stopped in 2002

and we thus used the ECMWF operational analysis). In

Bock et al. (2008a), we assessed mainly the ARPEGE

operational analysis from Météo-France during the

2006 monsoon season.

The organization of the paper is as follows. Section 2

introduces the datasets and the methodology used for

the intercomparison. Section 3 compares NWP model

analyses to observations. Section 4 investigates the im-

pact of radiosonde biases on NWP model analyses.
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Section 5 concludes and discusses the main results from

this work and outlines subsequent work on the radio-

sonde biases correction and further NWP model as-

similation experiments.

2. Data and analysis method

The locations of the GPS stations used in this study

are shown in Fig. 1. Six of these GPS receivers have

been established over West Africa within the frame-

work of AMMA (Bock et al. 2008a). Among the other

stations, DAKA is a permanent station whose data

are available through the IGS, and TAMP is a perma-

nent station operated by the Centre de Recherche en

Astronomie, Astrophysique et Géophysique, Algeria

(CRAAG), whose data have been made available

through the French Institut National des Sciences de

l’Univers (INSU). The AMMA GPS receivers have

been deployed along the meridian climatic gradient

between the Guinean coast and the Sahara in order to

monitor the total atmospheric humidity in different

climatic areas and investigate atmospheric processes at

a broad range of time scales, from subdiurnal to sea-

sonal. The characteristics of the GPS systems and de-

tails of the related data processing are given in Bock

et al. (2008a). For the present work, we use the most

accurate GPS solution [referred to as reprocessed in

Bock et al. (2008a)], which comprises the AMMA GPS

stations as well as DAKA and TAMP. The conversion

of the GPS zenith tropospheric delay (ZTD) estimates

into PWV quantities is done using the mean tropo-

spheric temperature, Tm, estimated from ECWMF

operational analyses provided by the Technical Uni-

versity of Vienna (information online at http://mars.hg.

tuwien.ac.at/;ecmwf1/) and surface pressure observed

at the location of the AMMA GPS receivers (these

measurements are provided by a dedicated weather

station attached to the GPS station). At DAKA and

TAMP, surface pressure observations were either not

available or not trustable and thus surface pressure from

ECWMF operational analysis is used instead. The ac-

curacy of the surface variables from the different NWP

models is assessed in section 3 below. The accuracy of

the GPS PWV estimates used here is believed to be at a

level of 60.5 kg m22 on average along with a random

component that might reach 61 kg m22 on a single

estimate [based on intercomparison with other obser-

vational data; see references quoted above, and the

assessment of the GPS data processing discussed in

Bock et al. (2008a)]. Note that the use of ECMWF

analyses in the conversion from ZTD into PWV in-

troduces a correlation in GPS PWV estimates to errors

FIG. 1. Map showing the locations of GPS receivers and radiosonde stations in operation

during the AMMA EOP (2005–07). The GPS sites are indicated as symbols with four-letter

identifiers (IDs) and the radiosonde sites are indicated as circles with five-digit IDs. The GPS

sites comprise four IGS sites (filled triangles), three AMMA-EOP sites (filled diamonds), three

AMMA-SOP sites (open diamonds), TAMP (square), an Algerian permanent station, and

COTO (open diamond), an AMMA test station installed in 2005. Gray shading shows topog-

raphy (see axis on the right).
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in this model analyses. However, as discussed in Bock

et al. (2008a), this procedure is much more accurate

than using a simplistic linear function of the surface

temperature for Tm (Bevis et al. 1994). For example, a

rather large error of 3 K (1%) in Tm might produce a

maximum error of 0.5 kg m22 (1% of 50 kg m22).

For the present work we also used high-resolution

radiosonde data retrieved by the Agence pour la Sécurité

de la Navigation Aérienne en Afrique et à Madagascar

(ASECNA) in collaboration with national weather ser-

vices since 2006. These sites are also represented in Fig. 1.

The high-resolution (2 s) data files contain up to 3000

levels (roughly 100 times more than the TEMP mes-

sages transmitted from the stations through the GTS

to the NWP centers). We thinned the profiles down to

50-m vertical resolution up to 7-km altitude and

100 m above, leading to ;220 levels from the surface up

to 18 km. For the comparison with GPS PWV, we in-

tegrated the radiosonde water vapor density observa-

tions from the height of the GPS station up to 18 km.

We followed the methodology described in Bock et al.

(2007), for the interpolation near the surface and de-

tection of outliers in the radiosonde (RS) data. The

high-resolution radiosonde files contain additional in-

formation such as the serial numbers of the sondes,

which can be decoded into the type and age of the

sonde. We used this kind of information to stratify

among sonde types. A further refinement using sonde

age was not made here, mainly because for some sonde

types the number of sondes per class would have been

too small. Note that the radiosonde data used in this

work are not corrected for known biases or ground cal-

ibration errors. The comparison to GPS PWV is thus

representative of the quality of the high-resolution ra-

diosonde data as assimilated in operations and also

presently available in the AMMA database.

The NWP models used in this study are well known and

will not be described extensively. For the ECMWF-IFS

we refer the reader to the ECMWF Web site (http://

www.ecmwf.int/research/ifsdocs/), and for the NCEP–

NCAR reanalyses we refer the reader to Kalnay et al.

(1996) and Kanamitsu et al. (2002), for versions I and

II of the reanalyses, respectively. The main differences

that we may highlight between these assimilation sys-

tems and forecast models are the following. The

ECMWF-IFS is based on a four-dimensional variational

data assimilation system (4DVAR), which determines

the model trajectory that minimizes the differences in

the observations in a 12-h time window. The model had

60 vertical levels from the surface up to 10 Pa and a

spectral truncation of T511 (i.e., horizontal resolution of

;35 km) before 1 February 2006. Since that date, the

model has been improved to include 91 vertical levels

from the surface up to 10 Pa and a spectral truncation of

T799 (i.e., horizontal resolution of ;25 km). The model

is upgraded several times a year (9 times between

1 January 2005 and 31 December 2008), with the aim of

continuously improving the performance of both the

assimilation and forecasting systems (details and the

expected impacts of changes may be found online: http://

www.ecmwf.int/products/data/technical/model_id/index.

html). A major change, in view of the present work, is

the introduction of a radiosonde humidity correction on

6 November 2007 (cycle 32r3), along with an important

modification to the convection scheme for the tropics

(Bechtold et al. 2008). The principles of this and other

correction schemes are discussed at the end the paper.

More details on the ECMWF bias correction scheme

and its validation are described in Agusti-Panareda et al.

(2009).

Compared to ECMWF-IFS, the NWP model used for

the production of the NCEP–NCAR reanalyses might

appear as of an older generation. However, the fact that

the assimilation and forecast system remain unchanged

has a substantial advantage over operational systems, in

that the performance of the model is nearly constant

over time. The changes may be attributed to changes

only in the observing system. Hence, reanalyses are best

suited for climate studies and the investigation of in-

terannual variability (Higgins et al. 1996; Trenberth and

Guillemot 1998; Roads et al. 2002). The NCEP–NCAR

reanalyses use a 3DVAR system with 28 vertical levels

from the surface up to 3 Pa and a spectral truncation of

T62 (i.e., horizontal resolution of ;210 km). Because it

has coarser horizontal resolution, fewer surface stations

are assimilated in regions of steep topography. There

are many differences also in the parameterizations and

the treatment of surface variables over land (e.g., the

way soil moisture is adjusted from the observations).

For what concerns the water cycle, NCEP2 is usually

considered to be superior to NCEP1, with namely

higher PWV contents over the tropics (Kanamitsu et al.

2002).

For the present work, we used ECMWF-IFS analysis

extracted on various regular latitude–longitude grids.

The NCEP–NCAR reanalyses were only available at

2.58 3 2.58. For the intercomparison of model-analyzed

PWV fields with GPS PWV, a common 2.58 3 2.58 grid

is thus used; the impact of horizontal resolution is dis-

cussed separately based on ECMWF data. The hori-

zontal and vertical displacements between GPS stations

and the nearest model grid points are reported in Table

1. The four grid points surrounding the GPS station are

actually used. A correction DPWV is calculated at each

grid point, which accounts for the difference in the

surface elevation between the grid points and the GPS
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station. The four corrected PWV values are then in-

terpolated horizontally to the latitude and longitude of

the GPS station using a bilinear interpolation method.

The correction DPWV is calculated following the

methodology presented in Bock et al. (2007). It is scaled

to the difference in elevation, Dh; the surface humidity,

ry; and PWV. This vertical correction is able to correct

for significant (up to 2–3 kg m22) differences between

NWP model fields and GPS observations over Africa

(Bock et al. 2007). The horizontal interpolation intro-

duced here further corrects systematic differences of

0.5–1 kg m22 in magnitude and reduces consistently the

NWP model biases diagnosed with respect to GPS

PWV. The temperature, humidity, and surface pressure

are interpolated in a similar way.

3. Assessment of NWP models

a. Surface meteorological parameters

Before assessing the PWV fields from the three NWP

models, we first verify the 2-m temperature (T) and

relative humidity (RH), which enter into the correction

for vertical displacement between the model topogra-

phy and GPS station height. Table 2 shows the average

differences of all three NWP model analyses (at 2.58 3 2.58

resolution) and observations collected by GPS weather

stations. Overall, one can see that the RH and T from

the ECMWF model analysis are in excellent agreement

with the observations at all stations. The RH bias is

about 62% and the standard deviation of the differ-

ences is smaller than 10%. The bias and standard deviation

of the differences in T reach 0.8 and 2.1 K, respectively.

The correlation coefficient is quite high (r $ 0.88)

if we consider that this comparison includes the diur-

nal cycle, which is usually poorly represented in such

models. This good agreement is not very surprising

knowing that surface observations [from surface syn-

optic observation (SYNOP) stations] are assimilated

into the ECMWF-IFS and that these data have a sig-

nificant weight. Very few other observations (except

radiosonde data and some satellite radiances) actually

have an impact on near-surface parameters, especially

humidity (Andersson et al. 2007). However, the present

comparison is meaningful in the sense that the data

from surface sensors used here did not go into the

models (we did not use observations from the SYNOP

stations). Moreover, the calibration of these sensors was

properly controlled during AMMA. Interestingly, one

may notice that the standard deviation of the RH and T

differences increases as one moves from the south to the

north of the domain. This fact might reveal increased

difficulty in the model’s ability to handle these atmo-

spheric parameters in the Sahel, especially at the time

scale of the diurnal cycle. This difficulty is probably

linked to both the scarcity of the SYNOP observing

network and problems in physical parameterizations

during the rainy season (note that the comparison is

performed during June–September). Surface pressure

from the ECMWF-IFS analysis was also evaluated (not

shown) and resulted in similar fair agreement with the

observations (the standard deviation of the differences

was smaller than 0.7 hPa but biases of up to 2.5 hPa were

observed at some sites).

The comparison for the NCEP–NCAR reanalyses

reveals slightly larger discrepancies in both RH and

T. NCEP2 performs slightly better than NCEP1 and, in

particular, shows an increasing standard deviation of

differences with latitude, similar to ECMWF-IFS. Among

the reasons for the larger discrepancy is the coarser

horizontal resolution in the native numerical model (2.58

for NCEP–NCAR reanalyses compared to ;0.258 for

ECMWF-IFS), inducing increased differences in the

representativeness between the model fields and point

observations, and the differences in the model physics

and data assimilation systems. The latter differences

might also partly explain the differences between the two

NCEP–NCAR reanalyses.

TABLE 1. Location and coordinates of the GPS stations, and horizontal and vertical displacements (model 2 GPS) to the nearest model

grid points (both models are used on a similar 2.58 3 2.58 grid). The stations are ordered by increasing latitude.

Location

GPS Model 2 GPS displacement

ID Lat (8N) Lon (8E)

Alt

(m MSL)

Distance

(km)

Dh (ECMWF)

(m)

Dh (NCEP)

(m)

Tamale, Ghana TAMA 9.6 20.9 170 107 0 289

Djougou, Benin DJOU 9.7 1.7 436 98 90 139

Ouagadougou, Burkina Faso OUAG 12.4 21.5 305 108 27 233

Niamey, Niger NIAM 13.5 2.2 223 114 28 228

Dakar, Senegal DAKA 14.7 217.5 16 35 15 228

Gao, Mali GAO1 16.3 0.0 260 139 2143 2118

Timbuktu, Mali TOMB 16.7 23.0 264 101 14 224

Tamanrasset, Algeria TAMP 22.8 5.5 1381 63 367 488
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The uncertainty in surface RH and T from the NWP

models will translate into additional error in the PWV

correction term, DPWV, accounting for the height dif-

ference Dh with the GPS antenna. This error can be as-

sessed using the empirical relationship DPWV/PWV 5

240% per 1000 m (see Bock et al. 2007). Assuming an

uncertainty of 10% in the correction term due to errors in

RH and T, a height difference of Dh 5 100 m and a total

PWV 5 50 kg m22 would result in an error in DPWV of

0.2 kg m22. Considering the differences in elevation of

the nearest model grid points (Table 1), one can estimate

that the root-mean-square error (RMSE) associated with

the correction for vertical displacement is smaller than

0.5 kg m22 for all three models, including differences in

representativeness.

b. Precipitable water vapor

The time evolution of PWV estimated from GPS

stations GAO1, NIAM, and DJOU, and corresponding

values from the NWP model analyses (ECMWF,

NCEP1, and NCEP2), are shown in Fig. 2, from 2005 to

2008. The data have been smoothed over a 5-day period,

in order to highlight the gross features in the seasonal

cycle and intraseasonal variability. Figure 2 also includes

the precipitation rate from the Global Precipitation

Climatology Project [GPCP; Huffman et al. (1997);

available until April 2008 only]. One can recognize in

Fig. 2 the main features of the WAM, both in terms

of atmospheric humidity and precipitation, which are

tightly correlated parameters. As highlighted in Bock

et al. (2008a), PWV is a defining measure of the mon-

soon system dynamics from which five distinct phases

can be determined in the wet season cycle. The moist air

mass associated with the monsoon onset usually arrives

in April in the region of Djougou, Benin, and in May in

the region of Niamey, Niger, and Gao, Mali. It is fol-

lowed by a relatively stationary period until the air mass

progresses again toward the north of the continent

around the end of June and beginning of July. This

period coincides with the onset of the rainy season over

the Sahel (128–208N) as defined by Sultan and Janicot

(2003). It is followed by the core of the rainy season over

the Sahel (July to mid-September) during which 10–20-

day modulations in PWV and precipitation are evident

during all 4 yr (expect for 2008, when no GPCP data are

available). The last monsoon phase is the retreat of the

moist air mass and, consequently, the end of rainfall. A

full discussion of the interannual variability and intra-

seasonal modulations seen in Fig. 2 is beyond the scope

of this paper. However, we must mention that the sea-

sonal cycles and, most notably, the dry to wet season

transition periods are significantly different in terms of

PWV variations between these 4 yr, with 2005 and 2006

being especially different from 2007 and 2008.

Figure 2 shows that all three models reproduce quite

well the gross features of the seasonal cycle, especially

the wet season. Significant differences in PWV are ob-

served during the dry season between the two NCEP–

NCAR reanalyses and GPS, whereas the ECMWF

operational analysis follows very closely the time var-

iations and magnitude of the PWV observed with the

GPS. The better agreement of the ECMWF model

analysis with GPS observations might be linked to

differences in forecast models and assimilation systems

and, possibly, also to differences in the types of data

assimilated. The much finer horizontal resolution of

the native ECMWF model (T511 before 1 February

2006 and T799 after) might allow the assimilation of

much more data in the ECMWF operational analysis

(especially from SYNOP stations and radiosondes in

the boundary layer), since a major reason for black-

listing surface data is linked to the differences in

elevation between the sensor and the model’s orogra-

phy. Differences in the quantity and quality of the data

TABLE 2. The 2-m RH (%) and temperature (8C) differences between NWP model analyses (at horizontal resolution of 2.58 3 2.58) and

the observations (from dedicated weather stations near the six AMMA GPS stations). The computations are made for 6-hourly data from

June to September 2005–07. The mean difference (BIAS), computed as model 2 observation; std dev; and correlation (r) are given. The

total number of data pairs is similar for all three models (ranging between 489 and 1129, depending on station). The stations are ordered

by increasing latitude.

ECMWF NCEP1 NCEP2

RH T RH T RH T

Station BIAS

Std

dev r BIAS

Std

dev r BIAS STD r BIAS

Std

dev r BIAS

Std

dev r BIAS

Std

dev r

TAMA 0.4 6.2 0.88 0.8 1.5 0.88 8.5 10.8 0.61 20.3 2.1 0.74 6.3 9.7 0.68 20.1 2.2 0.70

DJOU 1.1 6.3 0.89 0.2 1.4 0.90 4.6 13.1 0.34 20.8 2.5 0.65 6.9 10.5 0.63 20.9 2.4 0.71

OUAG 1.4 8.1 0.89 20.1 1.7 0.91 10.5 14.6 0.71 21.1 2.6 0.79 6.3 12.0 0.76 20.3 2.7 0.74

NIAM 21.0 8.5 0.90 0.2 1.9 0.91 7.7 11.5 0.81 21.1 2.4 0.83 5.3 12.1 0.76 20.5 2.7 0.78

GAO1 22.2 9.2 0.90 0.3 2.1 0.90 21.0 11.2 0.84 0.2 2.5 0.86 1.3 11.9 0.82 0.1 2.5 0.85

TOMB 21.3 9.7 0.90 0.0 1.8 0.94 21.8 12.4 0.83 0.3 2.5 0.87 20.8 15.8 0.71 20.4 3.2 0.77
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assimilated in both systems are difficult to check unless

we have access to assimilation feedback statistics. How-

ever, the impact of enhanced radiosonde data during

the AMMA EOP and SOP, especially from April 2006

until the end of 2008, will be examined in the following

section.

Figure 3 shows the monthly mean and standard de-

viation of the differences between daily averages of

model PWV and GPS PWV at the same three GPS sites.

Figure 3 allows us to more precisely quantify the dif-

ferences between the analyses and observations and to

highlight their temporal evolution (on a monthly basis).

It is seen that the monthly mean bias of the ECMWF

analysis is smaller than 65 kg m22 at Djougou, and

62 kg m22 at Niamey and Gao. A reduction in magni-

tude of the bias can be distinguished in 2006, as com-

pared to 2005, which is probably linked with the change

in resolution of the forecast model and assimilation of

the AMMA data. However, over the time period under

consideration, it seems that the bias in the ECMWF

model analysis is going from negative (dry) toward

positive (wet) values. The origin of this tendency is not

yet explained, but it seems to be of large-scale origin as

it is observed at all three stations and also at the other

GPS stations (not shown). One possible explanation

might be in the changes made to the model, though this

is difficult to confirm. Overall, these changes do not

have a strong impact in terms of PWV compared to

the large seasonal variations in the PWV bias. The ab-

solute bias is also decreasing from south to north, which

FIG. 2. Time evolution of PWV estimated from three AMMA GPS stations (GAO1, NIAM, and DJOU) and corresponding values

from NWP model analyses (ECMWF, NCEP1, and NCEP2), as well as the precipitation rate, from 2005 to 2008. All data are daily

averages. PWV estimates are plotted as lines, with a 5-day running mean average, and GPCP (1 day, 18) is plotted as gray shading (vertical

axis on the right). At the time of writing, NCEP2 data were only available until 31 Dec 2007 and GPCP data until 30 Apr 2008.
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is consistent with the decrease in average PWV and the

tendency of the model to place the ITCZ too far south

(Agusti-Panareda and Beljaars 2008). The standard

deviation, on the other hand, is roughly the same at all

three sites, but exhibits a significant seasonal modula-

tion, which is consistent with the seasonal variation in

PWV over the region.

Both NCEP–NCAR reanalyses show a significantly

larger bias and standard deviation of PWV differences

as opposed to ECMWF. The bias (standard deviation)

occasionally reaches 10 (7) kg m22, especially at the

southern sites (e.g., Djougou seen in Fig. 3). The stan-

dard deviation shows a similar seasonal modulation as

seen with ECMWF. Table 3 reports the statistics of the

FIG. 3. Monthly mean and standard deviation of the differences between model analyses and GPS PWV

estimates, at three GPS sites. The statistics are computed from daily mean data.
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analyses differences for all sites and all three models

during 2005–07. Note that the standard deviation of the

error decreases with latitude for both NCEP–NCAR

reanalyses and that NCEP2 has, overall, smaller ran-

dom errors. The bias, on the other hand, is quite large in

NCEP2 at the southern stations. Overall, it is seen that

PWV is higher in NCEP2 compared to NCEP1, and that

both models show a too strong gradient in PWV over

the area (this is reflected by the change in the sign of the

bias between the southern and northern stations).

The performance of NWP analyses or reanalyses de-

pends on which parameters and which time scales are

being verified. We have shown previously that the PWV

analysis differences (compared to GPS PWV) of both

ECMWF reanalysis ERA-40 and NCEP2 are signifi-

cantly reduced from 6-hourly (instantaneous) fields to

7-day averages over Africa (Bock et al. 2007). Table 4

presents a nearly similar comparison but from the

AMMA GPS sites during the period 2005–07. It is seen

that the ECMWF operational analysis yields better

agreement with GPS than did ERA-40 (Bock et al.

2007), although one should note that the domain of

the verification is not exactly the same. A similar result

is observed with NCEP2, while NCEP1 has slightly

larger errors. This confirms that the models still have

difficulties in handling the diurnal cycle (assessed from

6-hourly data) and synoptic-scale weather systems (as-

sessed from daily mean data). At the time scale of

5 days, the differences are significantly reduced, as is

seen in the reduction in the standard deviation: by 40%

for ECMWF, 33% for NCEP2, and 22% for NCEP1.

The rather high correlations seen at all time resolutions

in Table 4 are explained primarily by the dominant

seasonal cycle variations included in the comparison.

The impact of horizontal resolution in the model

analyses is inspected from the ECMWF data extracted

at 0.258, 0.58, 1.1258, and 2.58. Figure 4 shows the bias,

standard deviation of differences, correlation coeffi-

cient, and slope parameter compared to the GPS point

observation at 0000 UTC. At all resolutions, the model

data were corrected for vertical displacement and in-

terpolated bilinearly to the location of the GPS site.

Overall, the impact on the correlation coefficient and

standard deviation is small (there is more variability

between stations than between resolutions). The bias

and slope change slightly with resolution (these pa-

rameters being correlated), which might be the result of

several factors. The spatial variability in PWV and the

impact of topography might contribute to differences

depending on the distances of the grid points from the

TABLE 3. Differences between daily mean model PWV and GPS PWV, at the locations of eight GPS stations, over the period 1 Jan

2005–31 Dec 2007. The columns show the average PWV from GPS, mean difference (BIAS) as model PWV 2 GPS PWV, std dev of

difference, correlation coefficient (r) between model PWV and GPS PWV, slope and offset parameters fitted as PWVmodel 5 slope 3

PWVGPS 1 offset, and the number of data pairs (NP). The stations are ordered by increasing latitude.

GPS ID

PWV

NP Model

BIAS BIAS

PWV

Std dev Std dev

PWV r Slope

Offset

(kg m22) (kg m22) (kg m22) (kg m22)

TAMA 37.3 386 ECMWF 1.1 0.029 2.7 0.071 0.99 0.90 4.9

NCEP1 2.2 0.059 5.5 0.148 0.95 0.75 11.6

NCEP2 3.9 0.103 4.7 0.125 0.96 0.82 10.8

DJOU 34.5 898 ECMWF 20.1 20.002 2.8 0.083 0.98 0.90 3.5

NCEP1 2.0 0.058 5.8 0.169 0.91 0.66 13.7

NCEP2 4.2 0.122 5.5 0.159 0.91 0.72 13.8

OUAG 32.4 555 ECMWF 0.9 0.027 2.3 0.072 0.99 0.95 2.3

NCEP1 1.0 0.032 3.9 0.120 0.97 0.90 4.5

NCEP2 2.6 0.080 3.7 0.113 0.97 0.94 4.6

NIAM 29.9 881 ECMWF 20.1 20.003 2.6 0.087 0.99 0.93 2.0

NCEP1 1.1 0.036 4.5 0.148 0.96 0.84 5.8

NCEP2 2.7 0.091 4.2 0.140 0.96 0.89 6.2

DAKA 28.0 350 ECMWF 1.0 0.037 2.3 0.084 0.99 0.90 3.9

NCEP1 21.3 20.045 3.9 0.138 0.96 0.81 4.0

NCEP2 0.8 0.027 4.5 0.159 0.95 0.77 7.2

GAO1 24.7 766 ECMWF 20.1 20.002 2.6 0.106 0.98 0.95 1.1

NCEP1 0.4 0.015 4.2 0.168 0.95 0.93 2.2

NCEP2 1.3 0.051 3.9 0.158 0.96 0.93 3.1

TOMB 23.5 618 ECMWF 0.8 0.034 2.6 0.111 0.98 0.96 1.7

NCEP1 0.2 0.008 3.9 0.167 0.96 0.94 1.5

NCEP2 0.6 0.027 3.7 0.156 0.96 0.93 2.4

TAMP 13.9 514 ECMWF 23.0 20.237 2.1 0.170 0.96 0.72 0.6

NCEP1 22.7 20.214 2.4 0.188 0.94 0.71 1.0

NCEP2 21.4 20.107 2.3 0.179 0.93 0.82 0.9
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GPS station. These differences are however smoothed

by the integrative effect of interpolation from the sur-

rounding grid points. Nevertheless, it is expected and

confirmed from Fig. 4 that the agreement decreases

with coarser resolution (decrease in slope and slight

increase in standard deviation). The reduction in bias

at most sites is actually an artifact resulting from the

above-mentioned compensating effects. The increase

in bias at Dakar might be due to the impact of grid

points over the ocean. We must also mention that there

is an overall moist bias in the analysis at 0000 UTC,

which may be linked with a bias in the radiosonde data

(see next section). Overall, the choice of the resolution

does not change the main conclusions, but for a de-

tailed investigation of the biases, high resolution is

recommended.

4. Impact of radiosonde biases

During AMMA, different types of sondes were used,

including the Vaisala RS80-A and RS92, and the Modem

M2K2. Table 5 indicates that at Tamale, Ghana, Vaisala

TABLE 4. Differences between model analysis PWV and GPS PWV (average over all eight stations) as a function of time resolution

(6 hourly, daily, and 5 daily), over the period 1 Jan 2005–31 Dec 2007. Content is similar to that in Table 3.

Time

PWV BIAS BIAS

PWV

STD STD

PWV r Slope

Offset

NP(kg m22) (kg m22) (kg m22) (kg m22)

ECMWF 2 GPS

6 h 28.1 0.0 0.001 3.4 0.122 0.97 0.95 1.5 19 692

24 h 28.1 0.0 0.000 2.8 0.100 0.98 0.96 1.0 4999

5 d 28.0 0.0 0.001 2.3 0.080 0.99 0.98 0.6 1021

NCEP1 2 GPS

6 h 28.1 0.7 0.023 5.4 0.191 0.94 0.88 3.9 19 692

24 h 28.1 0.6 0.023 4.8 0.172 0.95 0.90 3.5 4999

5 d 28.0 0.6 0.023 4.1 0.147 0.96 0.91 3.1 1021

NCEP2 2 GPS

6 h 28.1 2.2 0.076 5.3 0.189 0.94 0.92 4.5 19 692

24 h 28.1 2.1 0.076 4.7 0.169 0.95 0.93 4.0 4999

5 d 28.0 2.1 0.076 3.8 0.137 0.97 0.95 3.5 1021

FIG. 4. Comparison of ECMWF PWV and GPS PWV: (a) mean and (b) standard deviation of

the differences, (c) correlation coefficient, and (d) slope of the least squares fit. Results are

presented as a function of model resolution (from 0.258 to 2.58), at seven stations and the

average over stations (last column). The statistics are computed for 0000 UTC, over the period

June–September 2006.
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RS92 sondes were used exclusively, while at Dakar,

Niamey, and Timbuktu (Tombouctou), Mali, both RS80-

A and RS92 sondes were used (Fig. 5 below indicates

when they were used). At other sites not considered here,

only Vaisala RS80-A (e.g., Bamako, Mali; Agadez, Niger;

Nouadhibou and Nouakchott, Mauritania) or RS92 (e.g.,

Abuja, Nigeria) were used. At Pakarou, Benin, and

Ouagadougou, Burkina Faso, only Modem sondes were

launched. It was well known from previous experiments

that RS80-A measurements have a tendency to under-

estimate humidity, and that this dry bias is changing

with sonde age (Wang et al. 2002; Wang and Zhang

2008). For the Vaisala RS92 and Modem M2K2, very

few intercomparisons were published when AMMA

started; however, it became quickly evident that these

more recent types of sondes also exhibit biases with a

marked diurnal cycle (Bock et al. 2008a). Bock et al.

(2008a) quantified the radiosonde bias by comparison

with GPS PWV data during the AMMA SOP (June–

September 2006). Their results show that the dry bias of

the RS80-A sondes used at Dakar and Timbuktu could

reach 5 kg m22 at night and 8 kg m22 during daytime

(about 20% of the PWV at Timbuktu). These results

were consistent with previous results obtained in Africa

(Bock et al. 2007) and in other regions of the world

(Wang and Zhang 2008). These results thus motivated

the development of a bias correction scheme for the

AMMA radiosonde dataset (Nuret et al. 2008) but also

for the AMMA reanalysis and operational assimilation

of the global radiosonde network at ECMWF (Agusti-

Panareda and Beljaars 2008) and Météo-France (Faccani

et al. 2009). The AMMA GPS PWV data thus appeared

to be extremely useful for the detection and correction of

the radiosonde humidity biases and the validation of the

correction schemes.

Figure 6 shows the radiosonde biases and standard

deviation of the differences in PWV compared to GPS.

It is seen that Vaisala RS80-A sondes have a systematic

dry bias of ;6 kg m22 on average over 0000 and 1200

UTC with a slight variation in the bias depending on

time of day. The Vaisala RS92 sondes are seen to ex-

hibit slightly smaller biases on average but the day–

night variation can be as large as or larger than that of

the RS80-A sondes. Quite surprisingly, the 0000 UTC

bias is positive; that is, RS92 sondes are too moist dur-

ing nighttime. This finding is of importance since the

Vaisala RS92 is generally considered to be a reference

during the nighttime [e.g., in the ECMWF bias correc-

tion scheme; Agusti-Panareda et al. (2009)]. The origin

of this moist bias is, as of yet, not explained, but is

considered to be real (e.g., it cannot be explained by a

bias in the GPS PWV estimates during the nighttime) as

it is also reported by Cady-Pereira et al. (2008), in a

comparison with microwave radiometer measurements

in the United States. Wang and Zhang (2008) show also

that at nighttime the Vaisala RS92 mean bias is close to

zero, but their bias frequency distribution extends to-

ward positive (wet) biases, showing that on some oc-

casions a wet bias can be observed. This wet bias was

also diagnosed with respect to the ECMWF forecasts

(observation minus background) over West Africa by

Agusti-Panareda et al. (2009). During the daytime, the

Vaisala RS92 sondes have a weak to moderate negative

bias (too dry), as seen in Fig. 5. This dry bias is most

probably linked with sensor heating during daytime

(Vomel et al. 2007; Wang and Zhang 2008; Yoneyama

et al. 2008). A difference can be noticed in the diurnal

cycle of the Vaisala RS92 sites at Niamey and Tamale.

This may be due to the different radiosonde equipment

used (Digicora III at Tamale and Digicora II at Niamey;

Agusti-Panareda et al. 2009). The Modem M2K2 sondes

at Ouagadougou are seen to have similar deficiencies as

those of the Vaisala RS92 sondes (moist bias at night

and dry bias during the day), though the variation be-

tween 0000 and 1200 UTC is larger. Similar day–night

differences are observed at Parakou, but with an offset

(approximately 110%) toward moister values. The or-

igin of this offset is thought to be linked with known

failures in the radiosonde ground calibration system

throughout most of the period at that particular site.

Hence, we prefer to use the results for Ouagadougou

and consider them to be representative of the Modem

M2K2 sondes. After 1 January 2008 a new type of Mo-

dem sonde was launched at Ouagadougou and generally

TABLE 5. Locations of RS stations, types of sondes, and displacements w.r.t. GPS sites (GPS – RS). At some sites, different types of

sondes have been used alternatively over the period of study (2006–08). The stations are ordered by increasing latitude.

RS ID Location

Type of

sonde Lat (8N) Lon (8E) Alt (m) GPS ID

Horizontal

displacement (km)

Vertical

displacement (m)

65418 Tamale RS92 9.6 20.8 168 TAMA 1 2

65330 Parakou Modem 9.4 2.6 393 DJOU 110 43

65503 Ouagadougou Modem 12.4 21.5 306 OUAG 1 21

61052 Niamey RS80A–RS92 13.5 2.2 227 NIAM 3 24

61641 Dakar RS80A–RS92 14.7 217.5 24 DAKA 6 28

61223 Tombouctou RS80A–RS92 16.7 23.0 263 TOMB 1 0
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in Africa (Modem M2K2-DC) with unknown humidity

biases characteristics.

The standard deviation of the PWV differences (Fig. 5)

is similar for the two Vaisala sondes and smaller than

that of the Modem M2K2 sondes. The dispersion of the

standard deviation shows a seasonal modulation for

the Vaisala sondes whereas it is quite erratic for the

MODEM sondes. Table 6 presents a summary com-

parison for all stations and sonde types at both 0000 and

1200 UTC. It is clear from the reported diagnostics that

the quality of the Vaisala RS92 sondes is superior to the

older RS80-As and also superior to the Modem sondes

FIG. 5. Monthly mean and standard deviation of differences between daily averages of radiosonde

PWV and GPS PWV as a function on sonde type (RS80-A, RS92, and MODEM) and time of day (0000

and 1200 UTC). The comparison includes only high-resolution soundings for which the sonde types were

known from their serial numbers (i.e., over the period 2006–08).
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present in the AMMA database at the time of writing.

In the future, it is expected that the correction of all

the radiosonde data would yield a more homogeneous

dataset.

Though large radiosonde humidity biases have been

diagnosed, their impacts on NWP model analyses are

difficult to define. No clear correlation arises from the

comparison of the radiosonde biases displayed in Fig. 5

and the NWP model analysis biases displayed in Fig. 3.

This statement holds also for the other stations not

displayed in Fig. 3. In particular, one would have ex-

pected a reduction in the ECMWF model analysis bias

after November 2007, when the ECMWF radiosonde

bias correction scheme was used operationally. This

change in the bias can actually be determined when

comparing the bias in 2008 to previous years. In 2008, it

seems that the model analysis bias is slightly positive

(too moist) all the time, whereas, for example, in 2006, it

had successively dry and wet values (Fig. 3, confirmed at

other stations; not shown). However, Fig. 3 does not

give insight into the diurnal variations of the bias where

the radiosonde bias is particularly marked.

Figure 6 shows the radiosonde humidity bias and

standard deviation of the difference between GPS

PWV as a function of time of sonde launch (0000–2100

UTC) and of sonde type. Figure 6 depicts clearly the

diurnal cycle in the humidity radiosonde bias for the dif-

ferent sondes. Figure 7 shows similar plots but for the

ECMWF model operational analysis at 0.258 3 0.258

resolution. The data have been stratified according to

sonde type and time of analysis. The monitoring of ra-

diosonde stations at ECMWF during the SOP indicates

that between 50% and 100% of the data from the sta-

tions considered here arrived via the GTS (Agusti-

Panareda and Beljaars 2008). A significant amount of

the radiosonde data used for the computation displayed

in Fig. 6 could thus be assimilated (when not rejected).

The results from Fig. 7 are thus indicative of the impact

of radiosonde biases on the analysis. It is clear from a

comparison of Figs. 6 and 7 that there is a high degree of

correlation between the radiosonde biases and analysis

biases. The sign of the bias is usually conserved, but the

magnitude is significantly reduced in the analysis. This

bias reduction might be due to the impact of the model’s

first guess (the analysis lies always between the first

guess and the observations) and the quality control

procedure used in the ECMWF’s 4DVAR system (i.e.,

bad or significantly biased soundings may be rejected).

FIG. 6. (a) Mean and (b) standard deviation of differences between RS PWV and GPS PWV;

(c) number of data pairs. Results are presented as a function of time of sonde launch (0000–2100 UTC)

and sonde type, at six stations. Sonde identification code, sonde type, and location are indicated at the

bottom of the panel. The statistics are computed over the period June–September 2006.
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With NCEP1 and NCEP2, very similar results are found

in terms of the correlation of the diurnal model bias

variations with radiosonde bias variations (not shown).

For NCEP1 the sign of the bias is correct but the mag-

nitude is generally larger than for ECMWF-IFS. For

NCEP2, there is roughly an offset toward a wetter bias

compared to NCEP1, which is consistent with the results

reported above.

5. Conclusions and discussion

This paper assessed the performance of global NWP

models (ECMWF-IFS operational analysis, and NCEP–

TABLE 6. Differences between RS PWV and GPS PWV as a function of sonde type, over the period 2006–08. Averages are calculated

over the monthly mean statistics (i.e., weighted by the number of data pairs). The total number of data pairs is reported in NP.

GPS ID

PWV BIAS STD

r Slope NP

PWV BIAS STD

r Slope NP(kg m22) (kg m22) (kg m22) (kg m22) (kg m22) (kg m22)

0000 UTC 1200 UTC

RS80

DAKA 29.6 24.0 2.6 0.98 0.88 77 26.5 24.6 3.0 0.97 0.83 71

NIAM 42.2 25.5 2.1 0.97 0.92 69 42.0 27.8 2.1 0.95 0.84 72

TOMB 38.0 24.5 2.7 0.95 1.02 48 33.8 27.5 2.4 0.98 0.88 97

Avg 36.6 24.7 2.4 0.97 0.94 65 34.1 26.6 2.5 0.97 0.85 80

RS92

DAKA 25.5 2.8 1.3 1.00 1.03 27 27.0 1.4 1.5 1.00 0.96 30

NIAM 25.1 0.8 1.6 1.00 1.03 688 25.3 21.0 1.5 1.00 0.95 683

TAMA 47.2 3.6 1.5 0.96 0.97 95 37.0 0.4 1.6 1.00 0.96 239

Avg 32.6 2.4 1.5 0.98 1.01 270 29.8 0.3 1.5 1.00 0.96 317

Modem

DJOU 42.4 6.4 4.8 0.87 1.01 254 34.1 0.5 5.1 0.93 1.03 526

OUAG 44.4 2.3 2.2 0.94 1.10 94 40.0 23.9 3.0 0.97 1.02 147

Avg 43.4 4.3 3.5 0.91 1.06 174 37.0 21.7 4.0 0.95 1.03 337

FIG. 7. Similar to Fig. 6 but for the ECMWF analysis minus GPS. The data pairs have been stratified

according to sonde type and time of sonde launch in 6-h bins. Note the change in vertical scale between

Figs. 7 and 6.
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NCAR reanalyses I and II) over West Africa, using

mainly PWV retrievals from a ground-based GPS net-

work operated during AMMA. A comparison of surface

parameters (2-m humidity and temperature from the GPS

weather stations) showed that all three NWP model

datasets are in close agreement with the observations,

though the NCEP–NCAR reanalyses have larger errors

(mean and standard deviation).

The model errors diagnosed w.r.t. to GPS PWV have

been analyzed at different time scales, from 6-hourly to

monthly. All three models show reasonable agreement

with GPS PWV at monthly time scales, though the

NCEP–NCAR reanalyses show significant overestima-

tions in PWV at southern sites. The differences have

a tendency to increase as one goes from 5-daily mean

PWV to 6-hourly (instantaneous) PWV. This reflects

the increased difficulty of the model to handle humidity

variations associated with synoptic-scale disturbances

and the diurnal cycle. The simulation of such features

is highly parameterized in global NWP models. The

higher horizontal resolution of the native ECMWF-IFS

model and the more recent versions of convection

schemes employed might explain the better agreement

with the GPS PWV observations over this range of time

scales (the RMSE being reduced by a factor of ;2

compared to the NCEP–NCAR reanalyses). However,

a clear correlation between ECMWF-IFS model changes

and the PWV error could not be established over the

period of study (2005–08). On the other hand, the im-

pact of radiosonde humidity biases could be evidenced

at the level of the diurnal cycle. The results point to dry

biases in the ECMWF analysis when Vaisala RS80-A

soundings were assimilated (at Niamey), and wet biases

when RS92 or MODEM soundings were assimilated (at

Dakar, Tamale, Ouagadougou, and Parakou).

A correction scheme for the radiosonde humidity bias

was introduced into the ECMWF operational assimila-

tion system on 6 November 2007 (Agusti-Panareda and

Beljaars 2008). This scheme accounts for sonde type,

solar elevation, and altitude, and uses the model first

guess as an intermediate dataset for computing biases.

The bias correction coefficients are based on the dif-

ference between the bias of the sonde type to be cor-

rected and the bias of the RS92 sonde during the

nighttime taken as a reference (the bias is computed

w.r.t. the model first guess). A refined version has been

developed by Agusti-Panareda et al. (2009) for the

AMMA reanalysis, which depends also on the observed

RH. A comparison with GPS PWV shows that this

scheme is effective at reducing the dry bias of the RS80-A

soundings by between 1 and 4 kg m22 and the daytime

dry bias of the RS92 and Modem soundings by ;1 kg

m22. As a consequence, the systematic error in the lo-

cation of the ITCZ is slightly reduced and precipitation

forecasts are improved in the short range. The refined

version of the ECMWF scheme has been tested at

Météo-France in the ARPEGE system in addition to

modifications allowing the assimilation of new Ad-

vanced Microwave Sounding Unit-B (AMSU-B) chan-

nels (Karbou et al. 2008, manuscript submitted to Wea.

Forecasting; Faccani et al. 2009). The combination of

both modifications provides clearly improved analyses

and forecasts over the AMMA region (reduced surface

humidity bias, improved precipitation scores, higher

PWV contents in agreement with GPS observations,

and downstream propagation of reduced geopotential

height error). In parallel with the development of an

operational correction scheme, a more physically based

scheme is being developed at the Centre National De

Recherches Météorologiques (CNRM), Météo-France

(Nuret et al. 2008). The new method also uses nighttime

results from the Vaisala RS92 as the reference sonde for

correcting the RS80-A data. Hence, it appears that the

absolute bias of the nighttime Vaisala RS92 is now an

issue, and needs to be perfectly known. According to

Fig. 6, it is seen that this sonde exhibits a nighttime wet

bias of 2–3 kg m22, which is consistent with the results

from Cady-Pereira et al. (2008).

The comparison of RS92 measurements to a reference

sonde such as a chilled mirror hygrometer (Fujiwara

et al. 2003) should help in evaluating this nighttime bias,

as well as the daytime dry bias in the RS92 for which the

radiation effects seem to be presently undercorrected

by the operational radiosonde station software (see Fig.

6). An experiment was conducted in Niamey during

summer 2008 to document the Vaisala RS92 and Mo-

dem M2K2 biases as compared to the Swiss Snow-White

chilled mirror hygrometer. This dataset should improve

the present correction scheme and allow for a fine cor-

rection of all AMMA radiosondes (M. Nuret 2008,

personnal communication). Such a correction is espe-

cially required for computing water budgets from ob-

servations (e.g., Zangvil et al. 2001).

The recent improvements of NWP models (e.g., ra-

diosonde bias correction and assimilation of AMSU-B

channels sensitive to humidity in the lower troposphere)

should lead to improved forecast skill for precipitation

over West Africa. It should also allow the computation

of more accurate water budgets, especially at regional

scales, for which NWP models are especially useful at

estimating moisture flux divergence and tendency terms

(Higgins et al. 1996; Trenberth and Guillemot 1998;

Roads et al. 2002; Bock et al. 2008b). Understanding the

water cycle of the WAM is a fundamental objective of

AMMA, which will remain a focus of sustained work in

the future.
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