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PART 1: Impact of satellite observations BOM (1963- 1978) 
 
(a) Use of cloud imagery. 
 
The first satellite TV cloud picture (figure 1) was received in Melbourne on Christmas day 
1963 and this marked in new beginning in Southern Hemispheric Analysis and Forecasting.  
An extract from FEDERATION and METEOROLOGY, recalls: 
   
“Keith (Henderson) can recall numerous career highlights, but particularly remembers the 
first satellite picture to be transmitted to the Bureau. TIROS-8, the first US meteorological 
satellite to carry an APT camera, was launched on 21 December 1963 and the first picture 
was received four days later. Keith was there, with Graeme Kelly, to operate the manual 
system—at about 1.00 pm on Christmas Day.”  
 
 
 

 
Figure 1 

 
Figure 2 

By the early ‘70s new skills were developed to derive from satellite imagery estimates 
surface MSL and 1000/500 geopotential thickness and a paper by Kelly et al. (1978) 
describes a semi-objective procedure to modify mean sea level pressure and 1000-500 
hPa thickness using cloud vortex patterns obtained from satellite imagery. The 
method combines the previous work of Nagle and Hayden (1971) and Troup and 
Streten (1973), and is designed for operational use, particularly in the Southern 
Hemisphere. The method is capable of reproducing synoptic-scale structure that can 
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be deduced from cloud data and incorporated into a numerical analysis system using 
"bogus" observations. Figure 2 illustrates the method, the green circles are the 
automatically generated bogus observations for use by the numerical analysis. 
 

 
Figure 3 

 
Figure 4 

(b) Satellite radiance measurements. 
 
In 1972 the VPTR instrument was added to the operational NOAA Satellite series. This 
instrument measures surface temperature (11 micron), six deep layer mean temperatures (15 
micron band) and a mean water vapour layer (18 micron band). A regression based retrieval 
scheme was developed to retrieve vertical profiles of temperature and moisture (Kelly and al. 
1976).  
 It is interesting to compare the VTPR analysis from Kelly 1976 with the same case from 
ERA-40 analysis. This ERA 40 production was completed in April 2003 using a 
reduced resolution of the ECMWF operational assimilation system (TL159/L60 
3DVAR). It is remarkable as to the closeness of these two Southern Hemispheric 
analyses. 
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Figure 6 

 

 
Figure 7 

 

 
 

 
In 1975 the Nimbus 6 satellite carried two new sounding instruments, HIRS (an improved 
VTPR) and SCAMS (earlier version of MSU), see Kelly et al. 1978. It was important at this 
time to prove the value of these radiances measurements for operational NWP as impact 
experiments in the Northern Hemisphere were not successful.   
 
Two series of two parallel experiments were run using the BOM operational limited area data 
assimilation system (1977). The control used conventional data and Australian Region 
PAOBS (surface pressure and 1000/500 thickness). In the second experiment the 1000/500 
thickness PAOBS were replaced with thickness retrievals from NIMBUS 6. To evaluate the 
impact of the Nimbus data 24h forecasts were compared. There was a very clear improvement 
in all forecasts scores all levels. An example is the S1 skill score shown in the figure 5. 
  
 An example of an improved 24 forecast using the Nimbus 6 data is shown in figure 6.  The 
operational forecast did not forecast the Tasman Sea low whereas the nimbus 6 forecast 
showed signs of low development. The forecast of the Tasman Sea, figure 7, low is further 
improved with ERA40 showing the benefit of a more modern data assimilation system. 
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These instruments, HIRS and MSU,  provided the operational soundings until the late ’90 
when the were improved with AMSU and AIRS.  
 
Part 2: Impact of satellite observations at ECMWF ( 1980-2004) 
 
(a) Use of TOVS at ECMWF 
 
The instruments onboard Nimbus 6 (HIRS and SCAMS (latter called MSU) became 
operational on TIROS N launched in 1978. NESDIS operationally produced 14 layer 
retrievals from these radiances called SATEMs.  
 
 Due to the broad nature of the radiance weighting functions much of the vertical structure 
was correlated and it made good sense to further combine retrieved layers from July 1987 the 
analysis was revised use 7 thickness layers from SATEMs, Kelly and Pailleux 1988.   
 
In August 1989 a stability quality check was added to remove these spurious temperature 
increments caused by  NESDIS retrievals. In 1991 SATEM denial experiments were run and 
the results were positive for the Southern Hemisphere but negative for the Northern 
Hemisphere, as shown figures 8 and 9. Based on these experiments SATEMs were temporary 
removed from the Northern Hemisphere.  
 

 
Figure 8 

 
Figure 9 

 
The difficulty with the use of SATEMs, derived statistically from radiances, to model the 
observation error. In June 1992 a 1D-VAR retrieval method, see Eyre 1993, replaced the 
statistical SATEMs. Using this method the observation error was better defined and a positive 
impact from SATEMs was found in both Northern and Southern Hemispheres.  
 
In 1996 3D-VAR was introduced into operations using the satellite radiances directly by the 
analysis, see Andersson, E. et al. 1994. The direct use of radiances in the analysis greatly 
simplifies their use. Figure 10 shows the day 3 forecast skill (rms geopotential height error 
verified using own analysis) for ECMWF (red) MetOffice (blue) and NCEP (green). From 
1997 the forecast rate of improvement with time increased with time. 
  
 



 123 

 

Figure 10 

 
The introduction in 1998 of 4D-VAR Klinker 2000, marked another important operational 
change at ECMWF and has been since followed with further analysis and model 
improvements. 
 
An example of the impact of 3/4D-VAR is demonstrated in a recent ERA-40 rerun of four 
months in 1986. Figure 11 shows the benefit, particularly in the Southern Hemisphere of 4-
DVAR.. 
 

 
Figure 11 

 

 

(b) Current usage of satellite data at ECMWF. 

 
As many more satellite instruments both active and passive began operational the challenge 
was, and still is, how to assimilate these space measurement together will all the conventional 
measurement to obtain a more accurate atmospheric state. Figure 12 shows most the potential 
satellite sensors for data assimilation at ECMWF and the sensors in green what is currently 
used by ECMWF. The sensors in blue are being investigated for possible operational use and 
the black sensors have to be further considered or are not yet in space. Table 1 a list of 
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sensors currently used by the operational ECMWF data assimilation screening and Table 2 
the actual amount of data screened and used. 
 

 

Figure 12 

 
•AQUA AIRS 
•3xAMSUA (NOAA-15/16/17) + AQUA AMSUA 
•3 SSMI  (F-13/14/15) 
•2xHIRS  (NOAA-14/17) 
•2xAMSU-B (NOAA-16/17) 
•Radiances from 5xGEOS (Met-5/7 GOES-9/10/12) 
•Winds from 5xGEOS (Met-5/7 GOES-9/10/12)and MODIS/TERRA  
•SeaWinds from QuiKSCAT 
•ERS-2 Altimeter / SAR (limited coverage) 
•SBUV (NOAA 16) 
•ENVISAT OZONE (MIPAS+SCIAMACHY)  

 

Table1 

•Aircraft:         233306 (0.33%) 
•Satob:             543340 (0.78%) 
•Dribu: 15081 (0.02%) 
•Temp:            110998 (0.16%)   
•Pilot:  98364 (0.14%) 
•UpperSat : 68358565 (97.97%) 
•PAOB:     530 (0.00%) 
•Scat:               222410 (.32%) 
TOTAL:             69 772 964 
•Synop:            190370 (0.27%)  
99.07% of screened data are Satellite Data 
 

 

•Synop: 38112 (1.06%) 
•Aircraft: 146749 (4.07%) 
•Satob: 71220 (1.97%) 
•Dribu: 4381 (0.12%) 
•Temp: 63763 (1.77%) 
•Pilot: 56324 (1.56%) 
•UpperSat : 3107200 (86.19%) 
•PAOB: 185 (0.00%) 
•Scat: 117196 (3.25%) 
TOTAL:  3 605 130  
91.41% of assimilated data are Satellite Data 
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Table 2 

 

(c) Observing System Experiments 
 
Benefiting from the change of computer and additional resources for a short period, a series 
of Observing System Experiments (OSEs) were run with the current operational version of 
the ECMWF system (4DVAR T511 (40km) forecast model and TL159 (120km) 4dvar 
analysis). Two summer and two winter months have been evaluated. It should be pointed out 
that this is the longest full resolution ever run at ecmwf (120 days in total). Four main streams 
have been compared: 
 
1. CONTROL: The current operational system at ECMWF that assimilates 3 AMSU and 2 
HIRS instruments from the NOAA satellites, Atmospheric Motion Winds from 5 
Geostationary satellites and from one polar orbiter (TERRA), Clear Sky Water Vapour 
Radiances from 3 Geostationary satellites radiances, 3 SSMI instruments from the DMSP 
platforms, Seawinds instrument from Quickscat, as well as conventional observations 
(radiosondes temps and pilots, wind profilers, aireps, synops, drifting buoys and paobs). 
 
2. NO SAT: All satellite data removed (in that case, only radiosondes temps and pilots, wind 
profilers, aireps, synops, buoys and paobs are assimilated). 
 
3. NO AIREP: no airep winds and temperatures. 
 
4..NO AMSUA -- all satellite used with the exception of AMUSA together with  radiosondes 
temps and pilots, profiles, aireps, synops, bouys and paobs. 
 
5. NO UPPER: no radiosondes temps and pilots and profilers.3. NOAMSUA -- all satellite 
used with the exception of AMUSA together with radiosondes temps and pilots, profiles, 
aireps, synops, bouys and paobs. 
 
6. NO SATOB  -- no satob winds. 
 
The main outcome of these OSEs is that satellite observations have much more impact in the 
northern hemisphere than in two previous experiments performed several years ago (and 
satellite radiances have a larger impact than radiosondes and profilers combined together)see 
figures 13-15. It is also worth pointing at that very few busts as defined by the anomaly 
correlation dropping less than 0.6 at day 4 and 5 have been identified in the four month worth 
of experiments. Last, the Southern Hemisphere forecasts are now better than the Northern 
Hemisphere forecasts (as defined by the day anomaly correlation drops below 0.6) 

Furthermore, lower resolution OSEs (using 6h 4D-VAR assimilation window with a 
T319/T63 resolution) have been performed for two periods of 5 weeks to assess the 
importance of surface pressure and surface wind observations over sea in the quality of the 
forecasts. The main findings are that if surface pressure observations over sea are absolutely 
necessary to “hook” the model (this cannot be achieved by surface wind observations only), a 
limited number of accurate surface pressure observations manage to recover most of the 
forecast error in presence of surface winds. Consolidation of these preliminary results is 
underway. 
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Figure 13 

 

Figure 14 

 

Northern Hemispheric OSE’s (RMS 200hPa vector wind)

2002

1999

1997

Tropicial OSE’s (RMS 200hPa vector wind)
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1999
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Figure 15 

 
 
PART 3: The future use of some satellite sensors  
 
There are a large number of instruments as shown in black in figure 12 not used currently in 
the ECMWF data assimilation system. Some are in space and others are to be launched in the 
near future. The potential of some of these instruments will be briefly discussed. 
 
 
a) Assimilation of advanced IR sounders.  
 
AIRS is a prototype for future operational advanced sounder like IASI and CrIS. 
 
AIRS data usage in 4DVAR. 
 
Input radiance data consists of sampled 324 channels from NASA / NESDIS-ORA .All 
channels flagged clear at a location are assimilated (subject to blacklist). After cloud 
screening ‘good’ data are thinned to a horizontal spacing of 120Km. Currently we do not 
attempt to assimilate channels in the O3 band or 4.2 micron band. Currently we do not 
attempt to assimilate low-level channels over land. A flat (single global number rather than 
varying) bias correction used for each channel. A very simple (and conservative) observation 
error assigned to each channel   (0.6 / 1.0 / 2.0K) 
 
Figure 16 shows how the cloud detection to done using many AIRS channels and figure 17 
some validation the AIRS CO2 product using aircraft measurements. 
 
 

Southern Hemispheric OSE’s (RMS 200hPa vector wind)

2002

1999

1997
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Figure 16 

 
 

 

Figure 17 
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Cloud detection scheme for AIRS (IASI / CrIS)
A non-linear pattern recognition algorithm is applied to 
departures of the observed radiance spectra from a 
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data and allows contaminated channels to be rejected
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CO2 estimation from AIRS assimilation
Validation with flight data
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(b) Cloud and Rain 
 
The current operational use of microwave data has been limited to clear sky areas. At 
ECMWF a project is well advanced to use SSM/I data in cloudy and rainy regions. Figure 18 
shows comparisons of model and SSM/I 19h GHz channel. Figure 19 shows the current 
approach to assimilate these data. It uses a combination of 1D/4D-VAR. 

 

Figure 18 

 

 

Figure 19 
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(c) GPS-MET, CHAMP 
 
The impact of the atmosphere on the signal propagation depends on the refractivity see figure 
20. The vertical profile of the refractivity (and further down temperature, humidity and 
pressure) at the location of the ray perigee can be inverted from the observation. Currently 
there is a small satellite constellation providing a limited number of measurements. The 
results obtained by directly assimilating the bending angle are very encouraging. 
 

 

Figure 20 

 
(d) ADM -Aeolus 
 
ALADIN is an active instrument, see figure 21, which fires laser pulses towards the 
atmosphere and measures the Doppler shift of the collected return signal, backscattered at 
different levels in the atmosphere. The frequency shift results from the relative movement of 
the scatter elements along the line of sight of the instrument. This movement relates to the 
mean wind in the observed volume. The measurement volume is determined by: the 
maximum ground integration length of 50 km, the required height resolution and the width of 
the laser footprint. The measurements are continuously repeated at distances of about 200 km. 
 
It is due to this complementary behaviour between Mie and Rayleigh return signals that 
ALADIN has been chosen as the instrument for ADM-Aeolus. By combining two dedicated 
receivers within a single instrument, ALADIN will be able to make accurate measurements 
over the entire altitude range.  

GPS radio occultation technologies

path of the ray 
perigee through 
the atmosphere
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Figure 21 

 
 
Conclusions 
 
Satellite data have been very successfully exploited by new data assimilation schemes (DA 
schemes are such that introducing additional well characterised satellite data improves the 
system) The combined availability of new accurate satellite observations and improvement of 
models will allow an improved extraction of information content from these new data. 
 
With the improvements with the operational system there is a continuing need for re-analysis.  
 
The proliferation of new satellite instruments makes it hard for end-users to keep up (choices 
will have to be done) and a large investment in data handling and monitoring is required. 
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