
 

 

 

 

Document NWPSAF_EC_VS_027 

Version 1.0 

11/11/15 

 
 
 
 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

         

 

 
 
An evaluation of FY-3C satellite data quality at 
ECMWF and the Met Office 
Qifeng Lu, Heather Lawrence, Niels Bormann, Steve English, Katie 
Lean, Nigel Atkinson, William Bell, Fabien Carminati 



 

 

An evaluation of FY-3C 
satellite data quality at 

ECMWF and the Met Office 

Doc ID :  NWPSAF-EC-VS-27 
Version : 1.0 
Date :  11/11/15 

 

 

   

 

 

An evaluation of FY-3C satellite 
data quality at ECMWF 

and the Met Office 
 

Qifeng Lu1, Heather Lawrence2, 
Niels Bormann2, Steve English2, 

Katie Lean3, Nigel Atkinson4, 
William Bell4, Fabien Carminati4 

 
1CMA/NSMC; 2ECMWF; 

3Now ECMWF, previously Met Office; 4Met Office 
 

 

This documentation was developed within the context of the EUMETSAT Satellite 
Application Facility on Numerical Weather Prediction (NWP SAF), under the Cooperation 
Agreement dated 29 June 2011, between EUMETSAT and the Met Office, UK, by one or 
more partners within the NWP SAF. The partners in the NWP SAF are the Met Office, 
ECMWF, KNMI and Météo France. 
  
Copyright 2015, EUMETSAT, All Rights Reserved. 
 
 

Change record 
Version Date Author / changed by Remarks 

1.0 10/11/1
5 

Qifeng Lu, Heather 
Lawrence, Niels 
Bormann, Steve 
English, Katie Lean, 
Nigel Atkinson, William 
Bell, Fabien Carminati 

Final report. 

    

    

    

    

    

 

 



An evaluation of FY-3C satellite
data quality at ECMWF

and the Met Office

Qifeng Lu1, Heather Lawrence2,
Niels Bormann2, Steve English2,

Katie Lean3, Nigel Atkinson4,
William Bell4, Fabien Carminati4

NWP-SAF Visiting Scientist Report

1CMA/NSMC; 2 ECMWF;
3 Now ECMWF, previously Met Office; 4 Met Office

November 2015



An evaluation of FY3C satellite data quality at ECMWF and the Met Office

Abstract

The present memorandum summarises the evaluation of microwave sounding data from the Chi-
nese FY-3C polar orbiting satellite at the Met Office and ECMWF. Data from the MWTS-2 and the
MWHS-2 instruments are evaluated and, where possible, the characteristics are compared to data
from similar instruments with similar temperature or humidity sounding capabilities such as ATMS.
MWHS-2 also features channels around the 118 GHz oxygen line, providing capabilities never before
available from space. The joint evaluation in two systems is a novel aspect of NWP-based calibra-
tion/validation activities, allowing a better attribution of the findings. A very brief assessment of the
other instruments relevant to NWP is also provided.

The evaluation shows that MWTS-2 overall exhibits a promising noise performance, although cross-
track striping appears to be a stronger feature than for other instruments. The observations evaluated
here are biased cold, to an extent that is unusual for similar instruments. The origin of these biases
is not yet fully understood, but an improved antenna pattern correction may offer an explanation.
An anomalous land/sea-contrast was found for some channels, and an empirical correction has been
developed. The correction attributes this feature to cross-channel interference.

The MWHS-2 instrument overall exhibits good data quality that is in line with that of other instru-
ments for the 183 GHz channels. The main exception is a different spectral bias pattern for two of
the 183 GHz channels, and this warrants further investigations. The new 118 GHz channels show
expected data quality, with some air-mass dependent biases that may be linked to radiative transfer
modelling or model biases.

We provide recommendations for the continued evaluation of the FY-3C data for both instruments in
the international cal/val team, in order to optimise the day-1 processing of the future FY-3D data.

1 Introduction

The China Meteorological Administration (CMA)’s Feng Yun (FY)-3 polar orbiting satellite series carry
a suite of microwave and infrared instruments which provide information on temperature, water vapour,
cloud and precipitation. The series began with the launch of the first satellite, FY-3A, in May 2008 and
continued with the launch of FY-3B in November 2012 and FY-3C in September 2013. FY-3A and B
were deemed research missions in advance of the main series of operational missions commencing with
FY-3C. Of the instruments carried on-board the FY-3A and B satellites, those of particular interest for
NWP include the MicroWave Temperature Sounder (MWTS), MicroWave Humidity Sounder (MWHS),
MicroWave Radiation Imager (MWRI) and the Infra-Red Atmospheric Sounder (IRAS). These instru-
ments are similar to respectively MSU, AMSU-B, AMSR-E and HIRS. FY-3C has MWRI and IRAS
instruments but also carries updated versions of MWTS and MWHS, known as MWTS-2 and MWHS-2,
which have more channels. In addition, it carries a new GPSRO instrument, the GNSS radio-occultation
sounder (GNOS), amongst other instruments.

This memorandum summarises the findings of a coordinated evaluation of data from the FY-3C MWTS-2
and MWHS-2 instruments at both ECMWF and the Met Office. Further details of the individual con-
tributions from both centres can be found in separate reports by Lawrence et al. (2015) and Lean et al.
(2015), but this report summarises the findings of both and draws out the similarities and differences. It
also introduces additional elements not reported elsewhere (e.g., an evaluation of the instrument noise).
The simultaneous assessment is a novel approach to investigating new satellite data. A significant part
of the evaluation is the comparison with NWP model fields. The accuracy of short-term forecasts from
NWP systems, particularly for atmospheric temperature fields, makes this an effective way to diagnose
instrument performance. With the two independent NWP systems of ECMWF and the Met Office avail-
able, it is possible to add confidence in characteristics of the data where there is agreement between the
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two systems. It also allows an opportunity to highlight where an issue might originate from the fore-
cast model or the assimilation system. The collaborative approach enabled a more thorough and rapid
appraisal of the data to be completed and meant it was possible to establish quickly which data were
suitable for operational use.

The data from FY-3C are expected to bring several benefits to NWP. Firstly, the data are expected to
provide incremental gains in analysis and forecast accuracies, by further reducing already small analysis
errors. Secondly the FY-3C instruments bring new capability, notably the addition of a suite of 118 GHz
channels to MWHS-2, which will deliver new information on cloud ice which is expected to lead to
improved analyses. Finally, the FY-3 instruments provide improved resilience against the loss of data
from US or European satellites.

The findings reported here follow earlier evaluations of data from FY-3A and -3B at ECMWF. Lu et al.
(2011a,b) assessed the microwave temperature sounder, MWTS, aboard the FY-3A and FY-3B satellites
by comparing observations to the short-range ECMWF forecasts. Significant biases were found and it
was suggested that these were related to the shifts in frequency of the channel pass-bands, as well as to
radiometer non-linearity. After correcting these issues the data quality of MWTS was found to be broadly
comparable to that of AMSU-A (Zhou et al., 2011, Lu et al., 2012). Chen et al. (2014) recently assessed
the impact of assimilating data from the MWHS instrument aboard the FY-3A and FY-3B satellites and
found that the use of these data improved the fit of short-range forecasts to other observations, notably
MHS, and slightly improved the short-range forecast scores when verified against analysis. As a result
the FY-3B MWHS instrument is now actively assimilated at ECMWF, as of September 2014.

In this memorandum the findings of the initial evaluation of FY-3C data are summarised. In Section 2
the key specifications of the microwave temperature and humidity sounders are reviewed, together with
a description of the data sources and significant data events. An assessment of the data quality for both
MWTS-2 and MWHS-2, largely derived from an analysis of first guess departures from both ECMWF
and Met Office NWP systems, is presented in Sections 3 and 4 respectively. A brief overview of a
preliminary assessment of the other instruments on-board FY-3C is summarised in Section 5. Finally, a
summary and conclusions are given in Section 6.

2 The FY-3C MWTS-2 and MWHS-2 instruments

2.1 Characteristics

The most recent FY-3 satellite, FY-3C, is polar orbiting with an equatorial crossing time of 10:00
(descending) and carries the microwave humidity and temperature sounders, MWHS-2 and MWTS-2,
amongst other instruments. MWHS-2 and MWTS-2 together are similar to the ATMS temperature and
humidity sounder flown on-board the Suomi-NPP satellite, except that MWHS-2 has additional channels
at 118 GHz and MWTS-2 lacks two of the window channels found on ATMS. MWHS-2 has 98 FOVs
and a swath width of 2660 km, which is wider than that for MHS (2310 km) and ATMS (2580 km). The
resolution for the 183 GHz channels is 16 km at nadir, which is the same as ATMS. The resolution at
89 GHz and 118 GHz is 29 km (compare 32 km for ATMS at 89 GHz). MWTS-2 has 90 FOVs, a swath
width of 2170 km, and a horizontal resolution of 32 km at nadir, which is the same as that for ATMS
temperature sounding channels.

The MWHS-2 and MWTS-2 channel specifications are given in Tables 1 and 2, in comparison to ATMS,
and MHS. Jacobians for the sounding channels are displayed in Figures 1 to 3. It is worth noting that
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Table 1: MWHS-2, and equivalent ATMS and MHS Channel frequencies and polarisation at nadir.
Channel Number Frequency (GHz)

MWHS-2 ATMS MHS MWHS-2 ATMS MHS
1 16 1 89 (H) 88.2 (V) 89(V)
2 - - 118.75 ± 0.08 (V) - -
3 - - 118.75 ± 0.2 (V) - -
4 - - 118.75 ± 0.3 (V) - -
5 - - 118.75 ± 0.8 (V) - -
6 - - 118.75 ± 1.1 (V) - -
7 - - 118.75 ± 2.5 (V) - -
8 - - 118.75 ± 3.0 (V) - -
9 - - 118.75 ± 5.0 (V) - -
10 17 2 150 (H) 165.5 (H) 157 (V)
11 22 3 183 ± 1.0 (V) 183 ± 1.0 (H) 183 ± 1.0 (H)
12 21 - 183 ± 1.8 (V) 183 ± 1.8 (H) -
13 20 4 183 ± 3.0 (V) 183 ± 3.0 (H) 183 ± 3.0 (H)
14 19 - 183 ± 4.5 (V) 183 ± 4.5 (H) -
15 18 5 183 ± 7.0 (V) 183 ± 7.0 (H) 190.31 (V)

Table 2: MWTS-2 and equivalent ATMS Channel frequencies and polarisation at nadir.
Channel Number Frequency (GHz)

MWTS-2 ATMS AMSU-A MWTS-2 ATMS AMSU-A
- 1 1 - 23.8 (V) 23.8 (V)
- 2 2 - 31.4 (V) 31.4 (V)
1 3 3 50.30 (H) 50.30 (H) 50.30 (V)
2 4 - 51.76 (H) 51.76 (H) -
3 5 4 52.80 (H) 52.80 (H) 52.80 (V)
4 6 5 53.596 ± 0.115 (H) 53.596 ± 0.115 (H) 53.596 ± 0.115 (H)
5 7 6 54.40 (H) 54.40 (H) 54.40 (H)
6 8 7 54.94 (H) 54.94 (H) 54.94 (V)
7 9 8 55.50 (H) 55.50 (H) 55.50 (H)
8 10 9 57.290 (H) 57.290 (H) 57.290 (H)
9 11 10 57.290 ± 0.217 (H) 57.290 ± 0.322 ±

0.217 (H)
57.290 ± 0.217 (H)

10 12 11 57.290 ± 0.322 ±
0.048 (H)

57.290 ± 0.322 ±
0.048 (H)

57.290 ± 0.322 ±
0.048 (H)

11 13 12 57.290 ± 0.322 ±
0.022 (H)

57.290 ± 0.322 ±
0.022 (H)

57.290 ± 0.322 ±
0.022 (H)

12 14 13 57.290 ± 0.322 ±
0.010 (H)

57.290 ± 0.322 ±
0.010 (H)

57.290 ± 0.322 ±
0.010 (H)

13 15 14 57.290 ± 0.322 ±
0.0045 (H)

57.290 ± 0.322 ±
0.0045 (H)

57.290 ± 0.322 ±
0.0045 (H)

3



An evaluation of FY3C satellite data quality at ECMWF and the Met Office

there was some ambiguity in the interpretation of ‘horizontal’ and ‘vertical’ polarisation between the
instrument manufacturer and the definition used by the radiative transfer calculation. Comparison of the
brightness temperatures from surface sensitive channels with NWP data quickly highlighted this issue.
Large cross-scan biases were present over ocean which were removed when using the opposite polarisa-
tion. Over ocean, microwave emissivity varies significantly with polarisation and scan angle. Discussion
with CMA confirmed that indeed, an exactly opposite definition was being used. The polarisations pro-
vided in Tables 1 and 2 are the actual polarisations of the instrument, and we use the standard convention,
that is, for instance, applied to similar instruments in the RTTOV radiative transfer model.
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Figure 1: Temperature Jacobians for the sounding channels of MWTS-2, calculated for a standard atmospheric
profile. Values have been normalised by the thickness of the layer in log(p).

2.2 Data sources and significant events

Data from the following sources were used during the study:

Data distributed on EUMETCast: this has been available in near real time since September 2014 and
it is the main data source for global data used in the evaluation of observation minus background
departures. The data are available in hdf and BUFR formats, the latter produced using the ATOVS
and AVHRR Preprocessing Package (AAPP).

Data from the CMA Web Portal: the data have been available from http://satellite.cma.gov.cn/portalsite
/default.aspx since mid-June 2014.

Direct broadcast data: the satellite transmission was switched on in early May 2014, and reception at
Exeter started in late June 2014. Data are processed using the fy3cl0db and fy3cl1db packages
provided by CMA.
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Figure 2: As Fig. 1, but for temperature and humidity Jacobians of the 118 GHz channels of MWHS-2.
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Figure 3: As Fig. 1, but for the humidity Jacobians of the 183 GHz channels of MWHS-2.
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There have been several significant changes to the instrument configuration and the software. The first
change was in May 2014 when the scan rate of the MWTS-2 was halved: originally the scan period was
8/3 seconds (as ATMS), but this was changed to 5.23 seconds in order to reduce the load on the drive
mechanism. This means data are sampled less frequently in the along-track direction.

There was an MWTS-2 ground processing software change on 6th January 2015, including a major
change to the nonlinearity corrections (see also section A.2.1). Then an MWHS-2 software change was
made in February 2015, to correct some errors in the original software. A further MWHS-2 change was
made in mid-March 2015 to include an antenna correction.

Global ground segment changes were generally followed by updates to the direct broadcast package,
though the implementation of the MWHS-2 antenna correction was delayed until late August 2015.

The other significant event is that MWTS-2 started experiencing scan problems on 17th February 2015,
and global dissemination of MWTS-2 data ceased shortly afterwards. Although there were some periods
since then when direct broadcast showed the MWTS-2 to be working normally, the last good data was in
mid-April. As MWTS-2 will be flown on subsequent satellites, the assessment of the previously available
MWTS-2 data is nevertheless considered important, as it gives valuable insights into the performance and
the processing of the instrument.

Finally, the satellite experienced power problems on 30th May 2015, resulting in an extended outage.
However, distribution of MWHS-2 data resumed on 30th July 2015. MWTS-2 was not re-activated after
the power problems.

The analysis presented here is based mostly on data for November/December 2014, that is, before the
introduction of a different non-linearity correction for MWTS-2, and before some smaller modifications
to MWHS-2 processing were introduced.

3 Evaluation of MWTS-2 Data Quality

The treatment of MWTS-2 observations in the ECMWF and Met Office assimilation systems is described
in sub-sections 3.1 and 3.2 below, followed by an assessment of the data quality both prior to and post
bias-correction in sub-section 3.3.

3.1 Treatment of MWTS-2 observations in the ECMWF system

In the ECMWF system, the MWTS-2 observations are treated in a similar way as AMSU-A or the
temperature-sounding channels of ATMS as far as possible (Bormann and Bauer, 2010, Bormann et al.,
2013). The RTTOV radiative transfer model version 11 is used to compare observations with model
equivalents. Surface emissivity over land is retrieved from the 50.3 GHz channel observations and infor-
mation from the short-range forecast using methods developed by Karbou et al. (2006).

Cloud effects are neglected in the radiative transfer calculations, and cloud-affected observations in chan-
nels 1-6 are therefore screened out. This is done by requiring the absolute value of bias-corrected back-
ground departures in channel 1 to be less than 3 K over sea, and those of channel 3 to be less than 0.7 K
over land. These criteria are the main cloud-detection methods currently applied to AMSU-A data, pri-
marily designed for the lower sounding channels, but less reliable for window channels. For AMSU-A,
additional criteria are used that rely on the 23.8 and 31.4 GHz window channels which are not available
with MWTS-2. This means the cloud detection for MWTS-2 may not be as reliable.
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Biases between observations and the model equivalents are removed through variational bias correction
(VarBC) in the same way as for AMSU-A (Dee, 2004, Auligné et al., 2007). In this scheme the bias of
each channel of each instrument is modelled as a linear function of a set of predictors. The coefficients of
these predictors are retrieved in the analysis with each cycle as additional control variables. For MWTS-
2, ECMWF use a linear bias model that includes a global offset, an air-mass component that uses four
layer thicknesses as predictors, and a scan-bias component. The latter is a third-order polynomial in the
scan-position, which has been found to remove most scan-biases commonly encountered in AMSU-A
data. In the ECMWF system, VarBC is not applied to some conventional observations or GPSRO data
and these data act as an anchor to prevent the bias correction from removing model bias.

In the statistics presented here, we spatially average the MWTS-2 data, as follows: we average three
adjacent fields of view of each scan-line, but perform no averaging in the along-track direction (“3x1 av-
eraging”). This is different to what is applied to ATMS data in the operational system, where we average
over 9 fields of view, from three adjacent scan-positions and scan-lines (“3x3 averaging”). The choice of
averaging is a trade-off between reducing the noise of the considered observation and degrading the res-
olution of the data. The different choice for MWTS-2 compared to ATMS is motivated by the different
scan-pattern, which would result in a more elongated footprint in the case of MWTS-2 if 3x3 averaging
was considered. The impact of averaging on the noise performance of the instrument is investigated
further in section 3.3.3. The choice will be reconsidered in the future, and it may be desirable to carry
out averaging in both directions to further reduce the noise on MWTS-2.

3.2 Treatment of MWTS-2 observations in the Met Office system

Similar to ECMWF, MWTS-2 is treated in a comparable way to ATMS in the Met Office system (Doherty
et al., 2015). The RTTOV radiative transfer model version 9 is used with a constant emissivity value of
0.95 used over land. In the Met Office first guess departures presented here, the model background is
provided by the six hour short range forecast from the previous model cycle. Observation errors were
derived based on the method used for ATMS where the existing errors of equivalent channels on another
instrument (here ATMS was used) are scaled using the ratio of Noise Equivalent Delta Temperature
(NE∆T) (Doherty et al., 2015).

The observations pass through the Observation Processing System (OPS) to acquire a subset of quality
controlled data for use in the assimilation scheme. Many of the quality control steps are applied generally
across all satellite instruments and include screening for errors in the radiative transfer calculations and
gross limit checks on latitude/longitude. Instrument specific cloud detection is also carried out. Note
that in the Met Office system, MWTS-2 and MWHS-2 are processed together in OPS, in contrast to
the separate treatment these instruments receive at ECMWF. To enable this, MWHS-2 observations are
mapped onto MWTS-2 observation locations. This allows brightness temperatures from the two instru-
ments to be processed simultaneously through the OPS and 4D-Variational scheme (VAR) in a similar
approach to the treatment of AMSU-A and AMSU B/MHS in the Met Office. This allows, for example,
the more developed cloud screening from the humidity sounder to be used to quality control the temper-
ature sounder. Two tests - a scattering index calculation and a cirrus cloud cost test - have been adapted
from tests employed successfully in ATMS and AMSU-A/AMSU-B/MHS (further details in Doherty
et al., 2015).

The bias correction scheme is the same method commonly used for sounding data in the Met Office
(based on Harris and Kelly, 2001). This consists of coefficients relating the bias to atmospheric thickness
values at two different pressure intervals and to scan position. The scan position correction is applied
for each individual scan spot. There is also a constant offset that can be applied. This scheme could be
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considered ’static’ in that updates are only periodically applied. The bias correction coefficients were
calculated using data over ocean and land (where available) from November 2014. The highest peaking
temperature sounding channel, MWTS-2 13, is left with a scan position dependent correction only. The
equivalent channels on AMSU-A and ATMS are treated in a similar way as there is less confidence in
the model accuracy in the mid-upper stratosphere.

The statistics considered here are based on MWTS-2 data after applying 3x1 averaging as done in the
ECMWF system. Three rounds of thinning are commonly applied to satellite instruments in the OPS. For
MWTS-2 (and MWHS-2) the first round is after checking pre-processing flags where data are thinned
by 25 km and one hour. Round two occurs before a 1D Var calculation is performed which thins data to
80 km and one hour intervals. Finally, before the creation of the file containing observations for VAR,
the third round is completed where the thinning remains at one observation in every 80 km in both the
tropics and extra-tropics. This final round is currently less strict than e.g. ATMS where the distance is
154 km in the tropics and 125 km in the extra-tropics. This difference is in anticipation of a future move
to more spatially/temporally denser observations.

3.3 Results

In the following, we provide an assessment of MWTS-2 in terms of comparisons against short-range
forecasts from the two assimilation systems. The differences between the observations and the model

Figure 4: Top row: Bias (left) and standard deviation (right) of background departures before bias correction
for MWTS-2 sounding channels from the ECMWF (black) and Met Office system (red). Triangles indicate values
for MWTS-2 for the two systems. Also shown are statistics for equivalent ATMS channels from the ECMWF
system (squares), with 3x1 averaging applied to ATMS data as for MWTS-2. The statistics are based on data
from December 2014 over sea, within ± 60 ◦ latitude, after cloud screening. Bottom row: As the top row, but for
statistics after bias correction.
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equivalents calculated from short-range forecasts will be referred to as background departures, and these
give an assessment against a reference with stable characteristics. Random background errors for the
tropospheric sounding channels are typically of the order of 0.1 K, thus allowing a very stringent eval-
uation. We will also compare the departure statistics against results from ATMS, to put the data quality
evaluation of MWTS-2 in the wider context of the global satellite observing system.

Figure 4 gives an overview of the background departure statistics for MWTS-2, summarising the overall
instrument performance. Some key points are immediately apparent:

• All channels show relatively strong negative biases before bias correction (-1 to -5 K), and these
are larger than for ATMS.

• Standard deviations of background departures before bias correction are larger than ATMS equiv-
alents, but they are significantly reduced after bias correction. After bias correction, they are more
comparable to the values found for ATMS for most channels. This suggests the presence of consid-
erable air-mass or scan-dependent biases for MWTS-2 that project onto the bias correction models
used.

• Channels 8 and 9 show significantly larger standard deviations of background departures compared
to ATMS, indicative of larger noise for these channels.

The above aspects will be investigated further in the following sub-sections.

3.3.1 Negative biases

A prominent feature of the summary background departure statistics are negative biases for all channels,
and these biases are larger than those typically encountered in similar instruments. The overall size of
the biases for the sounding channels is -1 to -5 K, depending on channel, compared to at most ±1 K
for equivalent channels on AMSU-A or ATMS. Small differences in the size of the bias are apparent
for the two assimilation systems (of at most 1 K for the higher peaking channels), indicating different
bias characteristics in the model data. However, these differences are much smaller than the biases seen
between the observations and the model equivalents from either system. Further investigations show that
the bias shows some zonal structure (depending on channel), and some scene-dependence (e.g., Figures 5
and 6).

The bias also depends considerably on the scan-position, and this scan-dependence is stronger than
typically seen in AMSU-A or ATMS data (Fig. 7). Some scan-position dependent biases can still be seen
after bias correction for the ECMWF system, as the 3rd-order polynomial in the scan-position is unable
to fully follow the bias pattern. In contrast, the bias correction by scan-position used in the Met Office
system almost completely removes the scan-dependent component of the bias.

The size and structure of the bias against the background equivalents is similar for the two assimila-
tion systems, giving further confidence that these bias aspects are specific to MWTS-2 or the applied
radiative-transfer calculations. At the same time, the bias correction methods applied in both systems
adequately reduce the biases, and overall biases after bias correction are mostly similar to those of other
comparable instruments. However, the “blind” correction of such large biases is unsatisfactory, and the
origins of these biases need to be better understood.

The origin of the negative biases has not been fully established yet, but the characteristics outlined
here may indicate that biases may be improved through the application of an accurate antenna pattern
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Figure 5: Background departures before bias correction for MWTS-2 channel 11 before (top) and after bias
correction (bottom) from the Met Office (left) and the ECMWF system (right) for 11 December 2014, 12Z.

correction or improved calibration. Both of these aspects could lead to large overall biases, combined
with some dependence on the scene temperature as seen in Fig. 6. An antenna pattern issue in particular
would result in scan-dependent biases as observed in Fig. 7, and if contamination of the earth views from
cold space is larger than assumed, negative biases would result. For example, if cold space contributes
1 % to the total signal (which is typical for AMSU-A), the brightness temperature would be depressed
by 2 to 3K, depending on scene temperature. A good antenna pattern correction model would account
for such biases.

Considering the radiometric calibration: the nonlinearity corrections applied to MWTS, derived from
pre-launch testing, are an order of magnitude larger than those used for ATMS or AMSU, and they
also have the effect of depressing the brightness temperatures. The form of the nonlinearity correc-
tion was changed in January 2015, and data from after that time were shown to have smaller biases
for some channels in the CMA monitoring. However, it is not clear whether the later (cubic) correc-
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Figure 6: Mean background departure before bias correction as a function of the observed brightness temperature
for selected MWTS-2 channels from the ECMWF system. The statistics are based on data from December 2014
over sea, within ± 60 ◦ latitude, after cloud screening.

Figure 7: Mean background departure as a function of scan-position before (diamonds) and after bias correction
(triangles) for MWTS-2 channel 10 for the ECMWF system (top left) and the Met Office system (top right). For
comparison, scan-bias statistics for the equivalent ATMS channel from the ECMWF system are shown at the
bottom. Statistics are based on the same data as Fig. 4.

tion is consistent with the pre-launch testing, and there are some indications (not shown here) that the
temperature-dependence of the bias may have been adversely affected. This could be studied further.
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Another possible source of bias is a shift in the specified pass-bands for some channels, an issue previ-
ously identified in MWTS data (Lu et al., 2011a). However, a pass-band shift could not explain biases of
the observed magnitude, so other aspects appear to dominate.

3.3.2 Anomalous land-sea contrast in sounding channels

Maps of mean background departures reveal a considerable land-sea contrast in the bias against the
background for some of the sounding channels of MWTS-2 (e.g., Fig. 8). The magnitude of the bias
difference is around 0.5 K for channels 5 and 6, and then gradually reduces to less than 0.1 K for channel
8. The bias difference is similar in magnitude for both assimilation systems and both systems do not
show a similar contrast for equivalent AMSU-A or ATMS channels.

Figure 8: Background departures before bias correction and after cloud screening for MWTS-2 channel 6 from
the Met Office system (top left) and ECMWF (top right) for 11 December 2014, 12Z. For comparison, background
departures for the equivalent ATMS channel taken from the ECMWF system are shown below.
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a) b)

Figure 9: a) Observed brightness temperature for MWTS-2 channel 1 for and overpass on 5 November 2014, after
the mean brightness temperature per scan-position has been subtracted. b) As a), but for channel 6.

The land-sea contrast can also be seen directly in observations, including for channel 7 which should
not normally show surface-sensitivity over low orography. Fig. 9 shows imagery from channel 1 and
channel 6 for a region where there are strong land-sea contrasts. For display purposes, systematic cross-
scan bias has been eliminated by subtracting the mean brightness temperature for each scan position.
Several features visible in the channel 1 image can be seen in the channel 6 image but with the brightness
temperature pattern reversed. Note, for example, the warm plume off the coast of Columbia and the high-
altitude lake in southern Peru. Such pattern are not visible in similar images from equivalent AMSU-A
or ATMS channels.

In order to explain the land/sea contrast, a range of options have been considered. Given that the contrast
is present in the observations, short-comings in the surface emissivity specification or a land/sea bias in
the atmospheric model fields can be ruled out. Another option could be that the actual spectral response
function of these channels may include unintended contributions from lower frequencies that lead to
stronger surface sensitivity and hence give a land/sea contrast. However, if this was the case, we would
expect land observations to show warmer brightness temperatures than neighbouring sea ones, which is
the opposite of the observed behaviour.

Currently, the most likely cause for the anomaly appears to be some interference from a window channel,
that is, a signal in one channel affects the calibration offset of the other. Such an effect would not be
apparent in standard pre-launch testing, because all channels view the same calibration target; it would
only be detectable before launch by sub-system testing.

An empirical correction was developed in which the brightness temperature TB, j of channel j ( j = 5 to 8)
is adjusted using channel 1:

TB, j,corrected = TB, j + k j(TB,1 −TB, j) (1)

where k j is a constant for the given channel. Values of k were estimated from O-B statistics, considering
land and sea separately, and the values obtained were: 0.0169, 0.0128, 0.0052 and 0.0034 (channels 5 to
8 respectively). This correction was implemented in the CMA ground processing on 6th January 2015.
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Figure 10: As Fig. 9b, but after applying the empirical correction.

The corrected image for channel 6 is shown in Fig. 10, for comparison with Fig. 9b.

Although the correction appears to work well, it would be highly desirable to establish the root cause of
the effect, and, if possible, to eliminate it for future flight models of the instrument.

3.3.3 NE∆T and striping

The overall performance of MWTS-2 in terms of standard deviations of background departures after bias
correction is broadly comparable to that of ATMS, with the exception of channels 8 and 9 which show
higher standard deviations (see Fig. 4). For the lower sounding channels (channels 3-5), the standard
deviations for MWTS-2 are also somewhat larger than for equivalent ATMS channels in the ECMWF
system, and this is likely to be related to a poorer performance of the cloud detection as mentioned
earlier. The statistics suggest that the overall noise performance of the instrument is nevertheless broadly
comparable to that of ATMS.

However, closer inspection shows that MWTS-2 exhibits considerable cross-track striping, a feature that
has previously also been detected in ATMS observations (Bormann et al., 2013), see, for instance, Fig. 5.
The magnitude of the striping is such that it is detectable compared to the size of the background errors.
It suggests the presence of some spatial error correlations, which are typically ignored when such data
are assimilated.

The evaluations of the standard deviation of background departures can be related to the monitoring of the
noise equivalent delta temperature (NE∆T), which reflects the instrumental variability in the calibrated
brightness temperatures. NE∆T is commonly evaluated from the warm target and space-view calibration
counts, see Atkinson (2014a). For MWTS-2 and MWHS-2 the NE∆T can be evaluated from the OBC
files produced from direct broadcast processing. Usually the NE∆T refers to raw samples, but it is also
informative to compute the noise in spatially-averaged brightness temperatures, as used in assimilation
experiments.
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Figure 11: NE∆T for MWTS-2. The values have been derived from direct broadcast data for November 2014. 3x1
refers to averaging 3 samples in the scan direction only; 3x3 refers to averaging in both directions.

It is important that the derived NE∆T accounts for all types of noise, including “striping” noise that has
a characteristic time scale of more than one scan period. Striping noise is thought to be caused by 1/f
noise in the receiver amplifiers and has been observed in ATMS and MHS as well. Striping noise can be
quantified via a “striping index”, which is the ratio of along-track to cross-track variability, see Atkinson
(2014b) or Doherty et al. (2015).

Figure 11 shows the NE∆T values for MWTS-2. For the results given in this report, MWTS-2 spots
are averaged in the scan direction before use in NWP (“3x1”). Note that for some MWTS-2 channels
(notably channels 3-7) averaging in the scan direction results in only a very small reduction in the noise,
implying that most of the noise for these channels is due to along-track variability.

Figure 12 shows an example of the striping index for MWTS-2, from a single direct broadcast pass
(6th August 2014). For comparison, a typical striping index for ATMS is between 1.0 and 1.6 for the
temperature sounding channels. Thus MWTS-2 exhibits a higher striping index than ATMS.

Some mitigation of the striping may be possible. Qin et al. (2013) describe a scheme in which a principal
component analysis is performed for the brightness temperature scene, then the first principal component
(representing along-track variability) is smoothed before the scene is reconstructed. Fig. 13 shows the
result of a simplified implementation of this scheme, using a 7-scan boxcar smoothing function. There
is a noticeable reduction in striping in the right hand image. At this stage it is not possible to draw any
conclusions on the impact, but the performance of the scheme under a wider range of conditions merits
further study.

Finally, we note that striping can be associated with inter-channel noise correlations (e.g., Bormann et al.,
2013, Doherty et al., 2015). Figure 14 shows the inter-channel noise correlations derived from warm
target counts. We note that there appear to be significant correlations for MWTS-2 channels 1-7, but
much smaller correlations for channels 8-13. Such correlations are often mitigated in NWP assimilation
by inflating the observation errors.
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Figure 12: Striping index for MWTS-2. This is derived from consideration of 4 × 4 boxes of calibration view
counts. For each block we compute the variances (i) when samples averaged cross-track, and (ii) when samples
are averaged along-track. The striping index is the RMS of variance (i) divided by the RMS of variance (ii).

a) b)

Figure 13: Experiment with striping removal for MWTS-2 channel 8. a) original observed brightness tempera-
tures; b) modified field. Data are for an overpass on 6 August 2014.
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Figure 14: Inter-channel noise correlations for MWTS-2 channels 1-13 derived from warm calibration view
(single DB pass). For a given scan line and channel, the warm counts are averaged, then long-term drifts are
removed by subtracting a running mean over 10 scan lines. Then the correlation coefficients are computed.

3.4 Summary

Overall, the analysis in the ECMWF and MO assimilation systems has highlighted the presence of rela-
tively large negative biases for MWTS-2 observations. Further investigations, not reported here, suggest
that a revised antenna pattern correction, perhaps combined with changes to the nonlinearity parame-
ters, could explain the observed biases. Our analysis has found an overall promising noise performance,
but there is evidence of significant cross-track striping that contributes a significant spatially correlated
component to the error budget. A land/sea contrast has been identified that may be linked to interference
from a surface-sensitive channel.

4 Evaluation of MWHS-2 Data Quality

The treatment of MWHS-2 observations in the ECMWF and Met Office assimilation systems is described
in sub-sections 4.1 and 4.2 below. This is followed by an assessment of the data quality both prior to
and post bias-correction focusing firstly on the 183 GHz channels in sub-section 4.3.1 and then on the
118 GHz channels in subsection 4.3.2.

4.1 Treatment of MWHS-2 observations in the ECMWF system

At ECMWF we aim to assimilate the MWHS-2 instrument in all-sky conditions in order to exploit the
cloud information as well as the temperature and humidity information. Therefore MWHS-2 is not
screened for clouds and is treated in the all-sky stream. This is consistent with the Microwave Humidity
Sounder (MHS) instruments, which are assimilated in the all-sky stream as of cycle 41R1 (Geer et al.,
2014). In the all-sky stream the RTTOV-SCATT radiative transfer forward model is used to calculate the
background radiances from model values in both clear and cloudy conditions and including the forecast
model cloud and precipitation fields.
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In order to assess the quality of the data in this memorandum we primarily consider statistics for clear-sky
conditions only. This is because errors in the representation of clouds otherwise dominate the departure
signals, and this makes it more difficult to assess instrument performance. A scattering index check was
developed to identify cloudy scenes for the cloud-sensitive channels (Lawrence et al., 2015). It aims to
eliminate observations in which either the observations themselves or the background are affected by
clouds. The screen identifies primarily areas of scattering but neglects liquid water, and so is only a
partial filter.

The ECMWF variational bias correction scheme was applied to MWHS-2 in the same way as described
previously for MWTS-2, and departure statistics were calculated for observations both before and after
bias correction. The same air mass and scan-position predictors were used for all channels, consistent
with the use of MHS, ATMS, or AMSU-A.

The MWHS-2 data are un-averaged in the all-sky stream, although this could be a possible future devel-
opment if it is found to be necessary for the assimilation of the data.

4.2 Treatment of MWHS-2 observations in the Met Office system

As both MWHS-2 and MWTS-2 pass through the system simultaneously, the processing details given
in section 3.2 are also true here. One difference arises in the averaging; similar to ATMS, an averaging
of three scan positions and three positions along-orbit is carried out (“3x3”). MWHS-2 observation
locations were then mapped onto MWTS-2 resulting in 30 cross scan positions for both instruments.

Unlike ECMWF, MWHS-2 is still used in clear sky only situations as an all sky approach has not yet
been implemented at the Met Office.

4.3 Results

An analysis of background departures for MWHS-2 has been presented in depth by Lawrence et al.
(2015) for the ECMWF system and Lean et al. (2015) for the Met Office system and so here we present
a short summary of the two sets of results as well as an intercomparison. Note that care must be taken
when comparing statistics between the Met Office and ECMWF due to the significant differences in
the treatment of the data. The key differences are the treatment in clear conditions only in the case
of the Met Office and the all-sky treatment in the ECMWF system on the one hand, and the different
approaches to averaging (3x3 averaging in the Met Office system versus no averaging in the ECMWF
system). Comparisons to other instruments in the same system nevertheless give us a good idea of the
data quality, and the different treatment in the two systems does not affect the overall conclusions drawn
from this.

4.3.1 183 GHz channels

We first evaluate the 183 GHz humidity sounding channels (channels 11-15). Their performance can be
directly compared to that of equivalent ATMS channels. Note that the Met Office system uses antenna
temperatures for ATMS, whereas the ECMWF system uses brightness temperatures. This contributes to
different bias characteristics for ATMS, including different scan-position dependent biases.

Figure 15 shows a summary of the mean and standard deviations of background departures for MWHS-2
compared to ATMS in the ECMWF and Met Office systems. These statistics are for clear-sky data (after
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Figure 15: Top row: Bias (left) and standard deviation (right) of background departures before bias correction
for MWHS-2 by channel from the ECMWF (black) and Met Office system (red). Triangles indicate values for
MWHS-2 for the two systems. Also shown are statistics for ATMS channels that either have similar frequencies
(for MWHS-2 channels 11-15). The statistics are based on cloud-free data over ocean at latitudes between +/- 60◦

from December 2014 (1 month averages). Note that there are significant differences in the treatment of the data in
both systems, as outlined in the main text, including differences in the observation operator and cloud-screening.
The Met Office statistics are for observations that are considered cloud-free, whereas the ECMWF statistics are
based on data for which both the model and the observations are considered cloud-free. Bottom row: As the top
row, but for statistics after bias correction.

filtering for cloud using the scattering index for ECMWF and using the cloud detection adapted from
other microwave sounders for the Met Office) over ocean only and for latitudes between 60◦N and 60◦S.
The latter condition excludes areas of sea-ice and model problems for the ECMWF all-sky system due to
cold-air outbreaks (see e.g., Lonitz and Geer, 2015). The Figure shows that the MWHS-2 data quality is
overall comparable to ATMS, since standard deviations of background departures are very similar. The
standard deviations for the bias-corrected departures are considerably larger for the ECMWF system
for channels 13-15, primarily a result of the averaging applied to the data at the Met Office but not at
ECMWF. The biases for MWHS-2 are also of a similar order of magnitude, broadly similar to ATMS
and similar in both assimilation systems. However, the spectral shape of the biases for channels 11-15
is not consistent with that observed for equivalent channels on ATMS (and other instruments sensing at
183 GHz), which show a gradual increase in the magnitude of the bias, towards more negative values,
for channels sensing progressively further from the 183 GHz line. For MWHS-2, channels 13 and 14
appear to follow a different pattern. This finding may point to an instrument-related difference. It has
been suggested by CMA that channels 13 and 14 are affected by interference from the 150 GHz channel,
which might explain the different pattern in O-B across the channels. However, further details are not
known at present.
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Figure 16: Background departures before bias correction for MWHS-2 channel 14 before bias correction from
the Met Office (left) and the ECMWF system (right) for 11 December 2014, 12Z. Note that the data for the Met
Office is based on comparisons to clear-sky radiative transfer calculations after screening for cloudy observations,
whereas the sample for the ECMWF system excludes cases where the observations or model background is likely
to be cloudy and uses radiative transfer calculations that include cloud effects.

Figure 17: Mean background departure as a function of scan-position before (diamonds) and after bias correction
(triangles) for MWHS-2 channel 12 (top) and 14 (bottom) for the ECMWF system (left) and the Met Office system
(right). Statistics are based on the same data as Fig. 15.
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Maps of background departures show good consistency between MWHS-2, ATMS and MHS and no
obvious zonal biases (Lean et al., 2015, Lawrence et al., 2015), e.g., Fig. 16. Scan angle biases have a
similar shape overall to ATMS or MHS but there is more variability across the scan-line, see, for instance,
Fig. 17. A rapid change in O-B at the scan edge (around 5 un-averaged scan positions) is present in some
of the channels. The ECMWF bias correction scheme is able to remove the broad scan angle biases
but not the small-scale variation. However the Met Office scheme, which bias-corrects each scan angle
individually, is able to remove this small-scale variation. This also allows the use of the scan edge in the
Met Office scheme.

It should be noted that the long-term monitoring of departure statistics for MWHS-2 shows a number of
marked changes to the bias characteristics for a number of channels, see, for instance, Fig. 18. Some
of these changes are linked to processing changes, such as an update of the antenna pattern correction
applied in early March. However, additional changes are apparent, and further investigations have linked
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Figure 18: Time-series of the mean background departures (blue) and analysis departure (red) before (solid)
and after (dotted) bias correction for selected channels. The statistics are for all data over sea, produced with
ECMWF’s all-sky system. The gap in June/July 2015 is due to a data outage resulting from power problems
experienced by the satellite.
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these to changes in the instrument temperature (e.g., the period in early March or the change between
end of May and end of July shown in Fig. 18). Such changes in the instrument temperature can result, for
instance, from changes in the operating modes of other instruments on-board the satellite. For channels
13 and 14, an additional slow drift was found (e.g., Fig. 18c). It is unclear why changes in instrument
temperature appear to be associated with changes in bias: further investigation is recommended.

4.3.2 118 GHz channels

Departure statistics for the 118 GHz sounding channels (channels 2 - 9) in the ECMWF and Met Office
systems are summarised in Fig. 15. Note that channels 8 - 9 have a very high surface sensitivity and are
essentially window channels so we shall focus here on channels 2 - 7. Very similar global biases can be
observed in the Met Office and ECMWF systems for these channels (see Fig. 15 top left), which have
a magnitude of less than 1.5 K in most cases with the exception of channels 2 and 4 which have higher
biases with a magnitude of around 1.5 to 3 K. For the higher peaking channels which are not sensitive
to cloud (channels 2 - 5) the standard deviations of background departures are lower for the Met Office
than for ECMWF. This is likely to be due to the averaging carried out in the Met Office system, which
we expect to reduce the noise in the data. Channel 7 has a higher standard deviation of background
departures than the other channels which is likely to be due to model errors from the surface component
and/or residual cloud. Overall, the standard deviation of background departures are very close to the
instrument noise estimates (presented later in section 4.3.3), indicating a good performance of the 118
GHz channels. The scan angle biases for the 118 GHz channels show the same small-scale variability
as the 183 GHz channels (not shown). Maps of background departures indicate striping in the higher
peaking channels (channels 2 - 6), similar to MWTS-2 and ATMS, and cloud effects can be clearly seen
in channels 6 - 9, as expected (see e.g. Lawrence et al. (2015) for more details).

The presence of orbital biases was also investigated by calculating the dependence of O-B on the angle,
φ , which is the angle about the orbital track relative to the intersection of the ascending node of the
satellite and the ecliptic plane. This orbital angle is an approximate substitute for latitude with 0-90◦

corresponding to travelling from the equator to the North pole and 90-270◦ from the North pole, back
through the tropical region and to the South pole. The final 270-360◦ is returning from the South pole
to the tropics again. Analysing this dependence confirms whether there is a shift in O-B between the
ascending and descending parts of the orbit. Neither MWTS-2 nor MWHS-2 exhibited orbital biases;
however, there were signals for an air mass dependent bias in many channels. This effect is manifested
in a double peak for the dependence of O-B on φ (interestingly for MWTS-2 channels affected by the
spurious land/sea contrast (not shown here), the northern hemisphere peak was slightly depressed by the
greater presence of more negative biases over the land).

An unexpected feature of the air mass biases in the 118 GHz channels was illustrated with this analysis.
Figure 19 shows the dependence of O-B on φ for four channels with peak sensitivity descending in height
(Fig. 19 (a) highest and Fig. 19 (d) lowest). The amplitude of the air mass dependent bias decreases until
MWHS-2 6 where there is virtually no dependence and then the magnitude increases again when sensing
even lower in the atmosphere. At present it is not clear what has caused such a pattern to occur. A shift
in the pass-band of the channels is unlikely to produce this effect as the channels are constructed of two
side bands that should be symmetrical about the absorption line. Any shift would result in compensating
effects from one side band experiencing increased absorption while the other experiences a decrease.
The problem may lie in the spectroscopy of 118 GHz which, rather than a simple oxygen absorption line,
is complicated due to uncertainty in contribution from the water vapour continuum. Trying to correct for
errors in the line strength through changing the gamma correction value (which is a multiplicative factor
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Figure 19: Distribution of background departure statistics from the Met Office system for selected MWHS-2
118 GHz channels, as a function of the orbit angle φ .

usually set to one) in the RTTOV processing does not appear to account for the pattern observed across
the different channels. This may be due to the correction simultaneously affecting the water vapour
continuum, which will be a large term in the error budget, as well as the oxygen absorption line, which
should already be well defined. It is more difficult to isolate and test the two contributions.

4.3.3 NE∆T and striping

The instrument noise for MWHS-2 has been assessed in a similar way as presented for MWTS-2 in
section 3.3.3. Figure 20 provides estimates for the instrument noise for MWHS-2, whereas Fig. 21
shows the striping index. For comparison, a typical striping index for the 183 GHz humidity channels of
ATMS is between 1.6 and 2.0. Thus MWHS-2 shows slightly lower striping indices for the equivalent
channels. Similarly, the noise exhibits relatively small correlations between most channels, with the
exception of channels 8 and 9 which show correlations of around 0.5 (Fig. 22).
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Figure 20: NE∆T for MWHS-2, similar to Fig. 11.

Figure 21: Striping index for MWHS-2. This is derived from consideration of 3 × 3 boxes of calibration view
counts. For each block we compute the variances (i) when samples averaged cross-track, and (ii) when samples
are averaged along-track. The striping index is the RMS of variance (i) divided by the RMS of variance (ii).
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Figure 22: Inter-channel noise correlations for MWHS-2, similar to Fig. 14.

5 Brief overview of the performance of other instruments on FY-3C

While the focus of the present memorandum is on the evaluation of the microwave sounding instruments,
for completeness we provide here a very brief assessment of the data from the other three instruments of
relevance to NWP.

5.1 MWRI

An initial evaluation shows promising data quality, but ascending/descending biases seen in observation
departures at ECMWF need to be better understood. Provided the data is considered at a consistent
resolution, the standard deviation of first guess departures of MWRI is comparable to the counterpart
AMSR-2 instrument. CMA/NSMC is investigating the cause for the different ascending/descending
biases

5.2 IRAS

Our initial evaluation suggests that the data is of good quality. The cloud detection should be re-
evaluated, as the current approach in the ECMWF system has last been assessed for the FY-3A IRAS.
The pre-processing package should also be optimized to exclude and flag some unreasonable observa-
tions. CMA/NSMC is developing an early anomaly warning system for IRAS as well as for the other
instruments, and evaluation from this system shows these unreasonable observations can be efficiently
flagged by the monitored abnormal instrumental parameters.

5.3 GNOS

The initial evaluation of the FY-3C GNOS observations at ECMWF and UKMO suggests that some data
is of good quality, but it also indicates that the data quality control scheme has to be improved. Further
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investigation from CMA/NSMC indicates: most of the poor-quality cases are related to a loss of the L2
signal. It was demonstrated that the early loss of the L2 signal can be used as a quality control flag,
leading to a significant improvement in the departure statistics. Currently the CMA/NWPC is going to
include the GNOS data into the next CMA/GRAEPS operational update cycle.

6 Summary and conclusions

This memorandum has summarised joint efforts between CMA, ECMWF and the Met Office to evaluate
microwave sounding data from the new Chinese FY-3C polar orbiting satellite. The data have been
assessed primarily through an analysis of background departure statistics obtained from the Met Office
and the ECMWF assimilation systems, and this has been complemented with other in-depth evaluations
as appropriate. The evaluation of the data in two systems in parallel is a novel aspect of this study, and
overall we found very consistent results, which assisted the interpretation of the findings.

Our analysis reveals that the noise performance of the temperature sounder MWTS-2 is overall encour-
aging (with the exception of channels 8 and 9) and broadly comparable to that of ATMS. However,
striping noise appears to be a more significant issue. In addition, considerable negative biases have been
found in the MWTS-2 data analysed here, and further investigations suggest that these could be plausibly
explained through a more realistic antenna pattern correction applied to the data. Some channels show
an anomalous land/sea contrast, and this could be explained through cross-channel interference from a
window channel. An empirical correction for this feature has been developed and implemented in the
CMA processing.

It should be mentioned here that our analysis is based on MWTS-2 data before a very significant change
to the non-linearity correction was implemented at CMA in January 2015 (see appendix A.2.1). This
change led to a significant reduction of the negative biases reported here, but it is not clear whether the
change is consistent with the expected characteristics of the detectors. Further analyses not presented
here suggest that a realistic antenna pattern correction provides a more plausible explanation for the
biases, and we recommend that this alternative explanation of the negative biases is evaluated further. We
also recommend that careful scrutiny is paid to the pre-launch characterisation, particularly for FY-3D
and subsequent platforms. For example, experimental uncertainties, and their impact on the calibration
parameters, need to be quantified.

For the humidity sounder MWHS-2 we found an overall very good performance. The quality of the
data from the 183 GHz channels appears to be comparable to that of ATMS or other instruments with
similar capabilities. The main exception is a different spectral bias pattern for the 183 GHz channels,
and this warrants further investigations. A number of abrupt changes in bias characteristics have been
pointed out for a number of MWHS-2 channels, and it is hoped that these can be avoided in the future.
MWHS-2 also includes channels around the 118 GHz oxygen line. Such channels have never before been
included on a microwave sounding instrument, and they have been evaluated for the first time as part of
our joint calibration/validation efforts. The noise performance for these channels is as expected, with
noise levels that are larger than traditional temperature-sounding 50 GHz channels, resulting from the
narrower width of the channels required to sound using the wings of a single O2 line centred at 118 GHz.
These channels are considered more valuable for cloud analysis applications. Some air-mass dependent
bias characteristics have been found for these new channels, likely related to either the radiative transfer
modelling or model biases, and these could be investigated further.

Our analysis has shown that the quality of the MWHS-2 data is overall acceptable for further studies
in data assimilation experiments, provided the bias changes can be addressed. While not reported here,
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such studies are indeed being conducted at ECMWF and the Met Office, with encouraging results, such
that operational use of the 183 GHz channels is being considered in both systems. The prospect of
operational use of the FY-3C data will require reliable instrument monitoring, a swift response in case of
an instrument anomaly, and advance notification of planned changes that affect the data characteristics.

We recommend further evaluation of the FY-3C data at the three centres participating in this evaluation.
This should include further analysis of the available MWTS-2 data, despite the unexpected failure of the
instrument, in order to improve the day-1 processing of the future MWTS-2 instrument on FY-3D. Such
additional investigations would greatly maximise the value of the current and future data. In particular,
we would like to recommend the following:

• Further evaluation of a realistic antenna pattern correction for MWTS-2 which may offer a plausi-
ble explanation for the negative biases reported here.

• Further investigations into the root cause of the anomalous land/sea contrast observed in some
MWTS-2 channels, with a view to eliminate this cause for future flight models.

• Further investigations into the bias characteristics of channel 13 and 14 of MWHS-2 which may
be affected by instrument effects.

• Further investigations into the air-mass dependent bias characteristics of the 118 GHz channels on
MWHS-2 which may originate from radiative transfer modelling or forecast model biases.

• Continued dialogue with users, and reliable and timely user notification services in case of planned
as well as unexpected changes to data characteristics.

The data evaluation presented here is another example of the fruitful partnership between CMA, ECMWF,
and the Met Office. By working together we aim to maximise the value and impact of Chinese satellite
data for the global community. Although the immediate benefits will be realised by the operational NWP
community, it is anticipated that the findings reported here will, in time, support regional and global re-
analysis efforts as well as climate monitoring applications. It has been very clear throughout the project
that each partner adds their own valuable expertise, and by combining and sharing that expertise we have
been able to make significant advances in the understanding of the data. The cooperation has been facili-
tated through mutual visits of scientists and regular teleconferences. Summaries of these teleconferences
are included in the Appendix of this memorandum. We strongly recommend to continue this three-way
exchange, and we see this international cooperation as a model for calibration/validation efforts of other
emerging global satellite data providers.
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A Summaries of the FY-3C teleconferences between CMA, ECMWF, and
CMA

A.1 Summary of the 1st telecommunication conference on the assessment of FengYun
Satellite data in NWP models among CMA/NSMC, CMA/NWPC, ECMWF and
UKMO, 8 December 2014

Participants:

ECMWF: Stephen English, Niels Bormann, Heather Lawrence, Qifeng Lu (visiting at ECMWF)

UKMO: William Bell, Nigel Atkinson, Katie Lean

CMA/NWPC: Jiandong Gong, Hua Zhang, Juan Li, Wei Han, Yan Liu

CMA/NSMC: Peng Zhang, Shihao Tang, Xiuqing Hu, Xuebao Wu, Dawei An, Chengli Qi, Minmin,
Meng Fang

A.1.1 Overview

The FengYun satellites (FY), especially the second generation of polar orbiting satellites series (FY-3),
will become an increasingly important component of the global observing system over the next decade.
For example, the FY-3E satellite will provide key data from the early morning orbit for NWP data assim-
ilation. FY-3C is the first operational polar-orbit meteorological satellite in the FY-3 series.

The early evaluation of FY-3 data is critical to reduce the risk of these satellites failing to deliver obser-
vations which meet the stringent quality requirements of modern NWP data assimilation systems. This
ensures that any data quality issues are resolved, if possible, for current and subsequent missions. Suc-
cessful evaluations of data from the first two satellites in the series, FY-3A (launched May 2008) and
FY-3B (launched November 2010), at ECMWF during a previous phase of the cooperation revealed a
number of biases in data from the FY3A/B instruments. The feedback has been very helpful for the
CMA/NSMC Cal/Val team to improve the data, enabling operational use of the observations to improve
weather forecast accuracy (e.g. at ECMWF). From the evidence of those earlier cooperation experiences,
it is clear that further benefits could be realised by establishing an even closer collaboration among space
agencies and the NWP community to advance the operational assimilation of FY-3 data in NWP models.

During Dr. Qifeng Lu’s visit to the UK in 2014, a close collaboration on evaluating FY-3C has been built
among these four centers: CMA/NSMC, CMA/NWPC, UKMO and ECMWF. The MWTS-2, MWHS-2,
MWRI, IRAS and GNOS data have been evaluated at ECMWF, UKMO and CMA/NWPC. Effective
communication and feedback mechanisms have been developed to share results and experience on im-
proving data quality and evaluating the data in NWP models. All of this is based on a coordinated
analysis of the same data from the five FY-3C instruments, valid over the same period, evaluated at the
four centres.

The first telecommunication conference on the improved assimilation of FY satellite data among CMA/
NSMC, CMA/NWPC, UKMO and ECMWF, was held on 8th December 2014, which proved to be a
very efficient and economical means of communicating the findings between the four centres. The main
objective of the telecommunication conference was to accelerate the research and development required
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to operationally assimilate FY satellite data in NWP systems and to maximise the operational contribu-
tion of FY satellite data to NWP performance through closer collaboration among the four centers. The
outcomes of this programme of collaboration will be open to the global NWP community.

The following points are generally agreed from the first telecommunication conference:

1. A collaboration model, involving visiting scientist exchanges, meetings and international telecon-
ferences, has been demonstrated for the efficient exchange of results among the four centers to
advance research towards the operational assimilation of FY satellite data in NWP systems.

In 2014, four centers working together on evaluating the five FY-3C instruments - with the same
data and in the same period (1st June 1st September 2014) - made great progress. More details
are documented in the next section. Given the success of the first telecommunication conference,
it is agreed to continue such telecommunication conferences regularly every 3 months. After each
conference, a short summary note will be made available. For some future teleconferences, it may
be beneficial to focus on certain aspects (e.g., particular instruments), to allow a more in-depth
exchange and discussion.

2. Agreement to share information, data and warning messages:

CMA will setup a web/ftp port to share presentations and exchange reprocessed FY-3C data from
CMA/NSMC and feedback from three NWP centers. CMA should send warning messages on
any changes to the instruments and/or processing software by email. It is recommended that any
necessary information and data on the instruments should be made openly available as early as
possible to the team members to accelerate progress on data quality assessments and assimilation
experiments. This includes documentation on processing algorithms when available.

3. Feedback mechanism: iterative improvement of data quality and applications

It is agreed that the CMA/NSMC Cal/Val team will continue to optimize the preprocessing package
and reprocess data as required based on feedback from the three NWP centers; the NWP centers
will re-evaluate the reprocessed data and feedback to CMA/NSMC Cal/Val team. Through such
an iterative cycle it is anticipated that data quality can be improved with high efficiency.

4. Direct communication between Agencies and NWP centres through assigned points of contact
for each instrument A direct contact communication mechanism is suggested to avoid delays and
misunderstandings regarding exchanged information. The details of the contact points can be
found at the end of this summary [removed for this Technical Memorandum, but available from
the first author].

5. Visiting scientist exchanges

When it is necessary to have some specific work done efficiently in a number of NWP systems,
for example immediately following the launch of a new satellite and during the early phases of
Cal/Val, a visiting scientist mission can be established to advance the cooperation.

6. Initial plan for the next conference

Based on the feedback from three NWP centers, CMA/NSMC will revise the preprocessing pack-
age to improve the data quality and provide the resulting reprocessed data to NWP centers. The
second telecommunication conference is scheduled in the end of January 2015 for the exchange of
findings and to establish plans for cooperation during 2015.
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A.1.2 Short summary of the FY-3C instruments from recent cooperation

MWTS-2:

After bias correction, the overall noise is comparable to ATMS (before spatial averaging), except for
channels 8 and 9. Large mean biases have been observed with some scan-position dependence, but
the use of a revised antenna pattern correction looks promising. Land/sea differences have been found
in channels 5-7, not present in equivalent AMSU-A or ATMS channels, and this needs further inves-
tigations. An empirical initial correction developed by Nigel Atkinson and Niels Bormann effectively
reduces this anomalous land-sea contrast, but a plausible physical mechanism to explain these effects is
required in advance of using the data operationally. Striping noise affects some MWTS-2 and MWHS-2
channels, and CMA/NWPC is experimenting with post-processing tools aimed at reducing this striping
noise.

MWHS-2:

The MWHS-2 has been shown to be of good quality and operational assimilation of 183 GHz channels
will be considered after completion of further assimilation trials at ECMWF. The 118 GHz channels look
promising and should provide benefits for cloud information, especially when used with the 183 GHz
channels. Some air-mass dependent biases have been found for these channels, possibly a result of
deficiencies in the radiative transfer. The development of assimilation strategies for the 118 GHz channels
will commence soon. The assimilation of some MWHS-2 channels is expected to be operational next
year at ECMWF and UKMO.

MWRI:

The initial evaluation is promising, but ascending/descending biases need to be better understood. Pro-
vided the data is considered at a consistent resolution, the standard deviation of first guess departures of
MWRI is comparable to the counterpart AMSR-2 instrument.

IRAS:

Initial evaluation suggests that the data is of good quality. The cloud detection has to be optimized,
current thresholds are based on FY-3A IRAS. The pre-processing package has to be optimized to exclude
and flag some unreasonable observations.

GNOS:

The initial evaluation of the FY-3C GNOS observations at ECMWF and UKMO suggests that some data
is of good quality, but it also indicates that the data quality control scheme has to be improved. Further
work requires for data characterisation access to L1/L2 measurements would be beneficial.

CMA/NSMC Cal/Val team will improve the preprocessing and quality control scheme; the three NWP
center will re-evaluate the data and feedback.
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A.2 Summary of the 2nd telecommunication conference on the assessment of FengYun
Satellite data in NWP models among CMA/NSMC, CMA/NWPC, ECMWF and
UKMO, 29 January 2015

Participants:

ECMWF: Stephen English, Niels Bormann, Heather Lawrence, Qifeng Lu (visiting at ECMWF), Sean
Healy

UKMO: William Bell, Nigel Atkinson, Katie Lean, Chris Burrows

CMA/NWPC: Jiandong Gong, Hua Zhang, Juan Li, Wei Han, Yan Liu

CMA/NSMC: Xiuqing Hu, Xuebao Wu, Dawei An, Mi Liao, Yang Guo, Shenli Wu, Chengli Qi, Min
Min, Meng Fang

The teleconference consisted of 5 talks:

Heather Lawrence (ECMWF) reported on an assessment of recent MWTS-2 processing changes against
model equivalents in the ECMWF system and gave an update of assimilation trials with MWHS-2
data.

Nigel Atkinson (UKMO) analysed recent processing changes for MWHS-2 and MWTS-2 using the
direct broadcast (DB) package provided by CMA and locally received data.

Katie Lean (UKMO) assessed the recent processing changes for MWHS-2 and MWTS-2 data against
model equivalents from the UKMO system, and gave an update on activities towards an assimila-
tion of the MWHS-2 data.

Dawei An (CMA/NSMC) summarised recent updates to the global real-time MWTS-2 processing al-
gorithm.

Mi Liao (CMA/NSMC) presented an analysis of GNOS data and highlighted recent improvements and
ways forward.

The main points from these presentations are summarised below, followed by follow-on activities rec-
ommended by the participants and closing remarks given by the three centres involved.

A.2.1 MWTS-2

CMA, UKMO and ECMWF provided an assessment of the processing changes from 6 January 2015 for
MWTS-2. The changes comprised three contributions:

An update to the non-linearity correction: This consisted of changing the functional form of the non-
linearity correction from a quadratic expression with a single variable to a 3rd order polynomial.
The new correction led to a marked improvement of the large negative bias, as shown consistently
by the three centres. Nigel Atkinson (UKMO) highlighted that the new non-linearity corrections
are rather large (up to 2 K) compared to those used for other instruments. He asked what might
be the physical mechanism for such strong non-linearity, and also questioned the appropriateness
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of using a 3rd order polynomial. He pointed out that an antenna pattern correction together with
a much smaller non-linearity correction would achieve a similar reduction in bias. This may be a
physically more plausible approach. This correction would show a different scene dependence, and
this could be used to evaluate the correction. An antenna pattern correction has been investigated
at CMA and ECMWF earlier, and this approach could be investigated further.

The introduction of the empirical correction of the land/sea anomaly: A spurious land/sea bias was
reported at the previous teleconference for channels 5-8, and an empirical correction had been
developed by UKMO with input from ECMWF. The correction is based on the scaled difference
between the brightness temperature of the affected channel and that of channel 1, and this cor-
rection is now included in the MWTS-2 processing. The three centres consistently report that the
land/sea anomaly is now much smaller. The root-cause of the anomaly in the instrument still needs
to be understood, and, if possible, mitigated for future instruments.

A modification to the smoothing of the calibration counts: Nigel Atkinson (UKMO) found that the
smoothing of calibration counts has been altered, leading to a spurious shift of the temporal evo-
lution of the smoothed calibration counts compared to the unsmoothed ones. He highlighted that
this can explain broad striping features and an ascending/descending bias. Such striping and as-
cending/descending biases were reported as new features by ECMWF and UKMO from the data
monitoring since the change was introduced. The motivation behind the change in the smoothing
of the calibration counts is not clear, and its implementation should be checked further.

Inconsistent results were reported regarding the standard deviations of o-b resulting from the processing
changes: CMA found improved standard deviations of o-b, whereas ECMWF found that standard devi-
ations of o-b (after bias correction) have increased since the processing changes, as a result of the broad
striping and ascending/descending bias features. This inconsistency needs to be resolved. It is likely to
be linked to the change in the smoothing of the calibration counts.

Dawei An (CMA) also recalled earlier processing updates which improved the geolocation and corrected
a software issue. Also, he reminded the participants that the scanning pattern for MWTS-2 was changed
in May 2014, and the scanning period is 5232ms now.

Furthermore, Nigel Atkinson (UKMO) highlighted an additional issue regarding an incorrect treatment
of the calibration target emissivity in the DB processing package. The effective brightness temperature
of the target is calculated as the product of the estimated blackbody target emissivity (ε) and the target
temperature (T-). This neglects the compensating effect of the reflected radiance from the blackbody
surface ((1-ε) Tinstr) and hence overestimates the amplitude of the bias introduced by the non-ideal
emissivity of the target. This is causing a relatively minor bias of -0.38 K at the warm calibration point
for all channels, and should be corrected in a future upgrade.

A.2.2 MWHS-2

The data continues to be of good quality and no major issues have been identified.

Nigel Atkinson (UKMO) summarised some minor issues with the non-linearity correction and the cali-
bration target selection. These issues were fixed by CMA for the global processing on 18 January 2015.
They should still be included in a future version of the DB package. The resulting changes in the bias
characteristics are relatively small (<0.5 K). In addition, for channel 15, only one warm calibration target
appears to be currently used in the DB package, and this should be updated.
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Heather Lawrence (ECMWF) reported on assimilation trials with the 183 GHz channels of MWHS-
2, covering a 6 month period. Results are consistent to similar experiences with ATMS, showing small
improvements to the short-range forecasts of humidity, but overall neutral medium-range forecast scores.
Work on assimilating the 118 GHz has started, aimed at using the cloud information contained in these
channels.

Katie Lean (UKMO) is also intending to start assimilation trials with the 183 GHz channels soon, given
that MWHS-2 shows data quality comparable to that of the ATMS humidity channels.

A.2.3 GNOS

Mi Liao (CMA) gave an overview of the progress made at CMA with the processing of GNOS radio
occultation data, which has been extremely impressive. However, around 13 % of the data contain gross
errors. Most of these cases are related to a loss of the L2 signal. It was demonstrated that the early loss of
the L2 signal can be used as a quality control flag, leading to a significant improvement in the departure
statistics. It would be useful to investigate the cause of the problems with L2 phase delays. Processing
these cases to Doppler shift is unlikely to provide additional information on the source of the errors.

A.2.4 Recommendations

The participants discussed possible follow-on activities arising from the above presentations, and the
following items were highlighted:

• The inconsistent results for the MWTS-2 processing changes obtained at CMA and ECMWF need
to be resolved. This should include a closer inspection of the changes introduced to the smoothing
of calibration counts.

• The participants recommend investigations of alternative corrections for MWTS-2, including the
use of a realistic antenna pattern correction together with smaller non-linearity corrections. Promis-
ing results from an enhanced antenna pattern correction were previously reported by CMA and
ECMWF.

• CMA is inviting Nigel Atkinson around May this year to work on the calibration of the FY-3C
microwave sounding instruments.

• The root-cause for the land/sea anomaly for some MWTS-2 channels still needs to be better un-
derstood, and, if possible, mitigated for future instruments.

• The near-realtime monitoring statistics produced by ECMWF for MWTS-2, MWHS-2, and IRAS
could be made available on an external website (alongside other instruments monitored by ECMWF)
if this is considered beneficial by the cal/val partners and if CMA agrees.

• It was agreed that CMA will provide the Met Office and ECMWF with a new GNOS dataset.

• UKMO and ECMWF request advance warnings in case of future processing changes, together
with brief information on what will be implemented. It is understood that such processing changes
may occur at short notice while the data has not been declared operational.
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A.2.5 Closing remarks

William Bell (UKMO), Xiuqing Hu (CMA/NSMC), and Niels Bormann (ECMWF) acknowledged the
significant progress made on the calibration/validation activities for FY-3C, achieved by the four centres
working effectively together in an international cal/val team. They thanked Qifeng Lu for organising the
teleconference and expressed their intention to continue this successful model, and to further strengthen
the collaboration for FY-3D. As agreed, the four centres will start to prepare for FY-3D with simulated
observations in the second half of 2015.

UKMO and ECMWF stressed that an early provision of data is required to allow them to contribute to
the cal/val activities very soon after launch. The evaluation and use of FY-3 and FY-4 satellite data is
considered a core activity at ECMWF and UKMO. Both centres welcome guidance from CMA on how
they can contribute to the cal/val activities even more effectively.
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