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Microwave Sounders Addition

Abstract

The utility of microwave sounding for numerical weather prediction (NWP) has been well estab-
lished over many years, with these instruments comprising a reliable and indispensable part of the
global observing system. But the volume of sounder data assimilated in NWP systems may change
substantially in upcoming years, as there is an ageing constellation of satellites but also the prospect
of proliferating small satellite constellations. This study examines the addition of temperature and
humidity sounders from a baseline that includes no microwave sounders at all, aiming to elucidate
the incremental benefit gained from adding sounders to the assimilation system. Framed as a series
of observing system experiments (OSEs), large improvements in forecast skill and background fits to
independent observations are gained from the addition of the first sounder. Significant further benefit
is observed from additional sounders, with no saturation apparent in the maximal setup.

In the study’s second part, the conclusion regarding lack of saturation from sounders is tested in the
full observing system with the most recently activated microwave sounder at ECMWF, the humidity
sounder on FY-3D. First, an assessment of data quality is given for both microwave sounders on FY-
3D, MWTS-2 and MWHS-2, followed by analysis of forecast impact from the humidity sounder in
research experiments prior to its activation in operations, which began December 2019. The success
of adding FY-3D MWHS-2 to the current suite of microwave sounders shows that additional sounder
observations still translate into improved forecasts, a finding that reinforces the conclusions of the
paper’s first half.

1 Introduction

1.1 Evolution of microwave sounding

Measurement of the natural emission of microwave (MW) radiation has been recognised as a priority
of Earth observation for a long time (Njoku, 1982). From the perspective of atmospheric science and
satellite meteorology more specifically, the “satellite era” began technically in the early 1960’s with
visible and infrared sensors, but accelerated in earnest with the Microwave Sounding Unit (MSU) in-
struments launched first in the late 1970’s. These sensors exploited the oxygen absorption band between
50 to 60 GHz to provide global coverage of atmospheric temperature measurements of the troposphere
and stratosphere. They possessed profiling capability despite having only four channels, and the techni-
cal challenge of retrieving reasonable temperature profiles from these measurements spurred the growth
of variational (i.e. optimal estimation) techniques (Rodgers, 1976) that still underpin the mathematics
of data assimilation systems today. The profiling capability of such sensors caused them to be called
“sounders,” differentiated from microwave “imagers” that operate in atmospheric windows with less
molecular absorption and thus have more sensitivity to the Earth’s surface.

Sounding data from these early temperature sounding units was found useful in variational data assimi-
lation for NWP (Andersson et al., 1994) and also later in reanalyses, first as retrievals and then by direct
radiance assimilation. Moving from the TOVS (Television and infrared observation satellite (TIROS)
Operational Vertical Sounder) to the advanced TOVS (or ATOVS) observing platforms, the Advanced
Microwave Sounding Unit-A (AMSU-A) has been in continuous operational use since the late 1990’s
and may be considered part of the backbone of the global observing system (English et al., 2013). In
mid 2020, seven AMSU-A sensors are actively assimilated at ECMWF, the most of any radiometer.
The follow-on from AMSU-A is the Advanced Technology Microwave Sounder (ATMS), first launched
on the Suomi National Polar-orbiting Partnership (SNPP) satellite in 2012, which combined most of
the same temperature sounding channels from AMSU-A with five humidity sounding channels as well.
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Three more ATMS sensors have yet to launch, so it is expected to remain a key part of the observing
system for decades to come.

Humidity-sensitive channels from MW sounders did not see the same initial success in NWP as temper-
ature sounders. Sampling around the strong water vapour absorption line at 183.31 GHz, these higher
frequency observations are more sensitive to contamination from clouds and precipitation. But as as-
similation techniques, radiative transfer codes, and the representation of clouds in models increased in
sophistication, the additional sensitivity of humidity sounding channels has been recongised as a dis-
tinct advantage (Geer et al., 2014). Whereas there were no MW humidity channels in the TOVS series,
ATOVS featured channels for humidity sounding on the AMSU-B sensor. The SSMIS and SSM/T2
(Special Sensor Microwave Imager Sounder and Humidity, respectively) sensors also carried a suite of
channels around 183 GHz. The successor to AMSU-B, the Microwave Humidity Sounder (MHS), is cur-
rently operational on five satellite platforms. Greater utilisation of humidity sounding channels is now
recognised as a key reason behind NWP skill increases in recent years (Geer et al., 2017).

Small satellite constellations could potentially transform the global observing system and provide greater
spatiotemporal coverage of MW sounding measurements to better constrain atmospheric analyses of
temperature and humidity (Blackwell et al., 2018). However, the current observing system relies heavily
on ageing sensors such as AMSU-A; for example, of the 7 AMSU-A sensors operationally assimilated at
ECMWF in 2020, three are 15 years old or more (Aqua, NOAA-15, NOAA-18) and two more are over
10 years old (NOAA-19, Metop-A). In 2020 alone, capabilities have been lost or severely reduced on
three actively assimilated humidity sounders (on FY-3B, FY-3C, Metop-A). Thus, while the future may
bring significantly more sounding observations, it is also possible that total observation numbers will
wane in intervening years as older sensors lose functionality before viable replacements are launched.

1.2 Observing System Experiments

A commonly used tool to assess the impact of a sensor or whole observation type in an NWP system is
to conduct observing system experiments, or OSEs (Bouttier and Kelly, 2001). These are often framed
as a data denial to implicitly determine the value of observations for NWP, to see the degradation of skill
wrought by their absence and even assess synergies of observation types (Bormann et al., 2019). More
extreme OSEs may deny all satellite data (McNally et al., 2014), while others may deny a single sensor
to gauge its impact on the overall system.

This study takes advantage of a time period that may be considered part of a small golden age for MW
sounding observations, as there were 8 different satellites with temperature sounding channels and 11
satellites with humidity sounding channels actively assimilated at ECMWF. While the sensors consid-
ered have differing channel complements and characteristics, this variety of platforms and its range of
equator crossing times (ECT) provides an opportunity for a range of OSEs. Specifically, the range of
sounders available is leveraged to assess their value when added incrementally to a global observing
system without MW sounding data.

This study consists of two parts. In the first part, we conduct observing systems experiments with the
presently available constellation of MW sounding data to systematically assess the benefits from incre-
mentally adding the available orbits. This primarily characterises the impact from the currently existing
constellation, but also provides a basis to gauge how much further impact might be expected from po-
tential additional MW sounders in the future. In the second part, we investigate the latest addition of
MW sounding data in the ECMWF system, that is, data from the humidity sounder on FY-3D. Both parts
assess the benefits of incrementally adding additional MW sounders and hence provide important input
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Table 1: Experiments summary table with experiment names and the satellites with sounding data active
in the assimilation. For which sounders are actively used on each satellite, see Table 2.

Experiment Name Satellites with Sounders Active
No Sounders -

1 Sounder NOAA-20

3 Sounders NOAA-20, Metop-B, F-17, NOAA-15

5 Sounders
NOAA-20, Metop-B, F-17, NOAA-15,

NOAA-18, NOAA-19

7 Sounders
NOAA-20, Metop-B, F-17, NOAA-15,
NOAA-18, NOAA-19, SNPP, Metop-A

to the future evolution of the constellation of MW sounding data.

2 Sounders Addition

2.1 Data and Experimental Setup

The experiments described are all based on the ECMWF Integrated Forecast System (IFS) Cycle 46R1,
run at TCo399 (approx. 25 km) L137 model resolution with 12-hour long window delayed cutoff assim-
ilation cycles. The configuration is the same for all experiments—only the usage of the MW sounding
data is changed. For all experiments, background errors are derived from the operational forecast sys-
tem, or in other words represent a full observing system that includes all sounding data. While this is
common practice for OSEs, as background error covariances are costly to recalculate, it is a limitation
of the presented work and its effect is being investigated in a parallel study.

All experiments were run over the period June 1 to September 15, 2018, so 3.5 months in total. This
period was chosen due to relatively few observing system changes occurring within it, and no significant
channel failures on any of the sensors included. This period lies just after activation of NOAA-20 ATMS
at ECMWF (May 2018) but before activation of Metop-C AMSU-A and MHS (March 2019) or FY-3D
MWHS-2 (December 2019, see Section 3.3).

2.1.1 Sounders Addition Experimental Setup

Table 1 gives a name to each experiment and which satellites’ sounders were included in the assimilation.
Our starting point is an experiment in which all MW sounding channels are removed from active assimi-
lation, but otherwise the full observing system is used. We refer to this as the “No Sounders” experiment,
and any channels in the 50 GHz or 118 GHz oxygen bands or the 183 GHz water vapour band from any
instrument are excluded from active assimilation. This forms the baseline from which sounder data are
added back into the assimilation system.

Following the No Sounders experiment, MW sounder data are added in stages, balancing relatively
complementary orbits, and pairing temperature and humidity sensors together. Separate experiments
were run with 1, 3, 5, and 7 MW temperature and humidity sounders added, as summarised in Tables 1
and 2. Mostly, we use ATMS or a combination of AMSU-A and MHS on the same satellite to form a
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Table 2: Satellites with MW sounding sensors used in the study. The bottom of the table gives satellites
with sounding channels used operationally at ECMWF during this time period but not assimilated in
experiments within the study. Approximate local equator crossing times (ECT) for the descending node
are given for the study period.

Satellite T. Sensor H. Sensor ECT Experiment(s)
NOAA-20 ATMS ATMS 01:30 1, 3, 5, 7
Metop-B AMSU-A MHS 09:30 3, 5, 7

DMSP F-17 - SSMIS 06:30 3, 5, 7
NOAA-15 AMSU-A - 06:30 3, 5, 7
NOAA-19 AMSU-A MHS 04:00 5, 7
NOAA-18 AMSU-A MHS 08:00 5, 7

SNPP ATMS ATMS 01:30 7
Metop-A AMSU-A MHS 09:30 7

Aqua AMSU-A - 01:30 None
DMSP F-18 - SSMIS 06:00 None

FY-3B - MWHS-1 03:30 None
FY-3C - MWHS-2 10:00 None
GPM - GMI N/A None

pair of temperature and humidity sounders. The exception is the third sounder which is a combination
of AMSU-A on NOAA-15 and the 183 GHz channels of SSMI/S on DMSP-F17. These satellites have
very similar early-morning equator crossing times during the period considered, and they are hence
treated together here, as no early-morning satellite with both MW temperature and humidity sounding
capabilities is presently available. Note that while ECTs are all different for the first 5 sounder pairs, the
sixth and seventh sounders add instruments from satellites with an ECT similar to one already included.

The maximum number of MW sounders considered in the study is 7, representing the maximum number
of available orbits for which both temperature and humidity sounding data are available. As can be seen
in Table 2, there are further instruments with MW sounding channels, yet they provide only temperature
or humidity sounding capabilities in a given orbit, but not a combination of both. The capabilities for
some of these remaining instruments are more limited, due to fewer functioning channels or a more
restricted usage.

2.1.2 Sounder Data

The channels employed as typical temperature and humidity sounding channels are given in Table 3. The
temperature sounding sensors include only two, AMSU-A and ATMS, whereas the humidity sounding
sensors include MHS, ATMS, and SSMIS. As the ATMS channel complement contains all sounder chan-
nels considered in this study, its channel numbers are a helpful reference when discussing the individual
channels across the various sensors.

Some sensors like SSMIS and GMI have a mixed complement of channels. As the SSMIS temperature
sounding channels are not actively assimilated at ECMWF, here we consider SSMIS and GMI to carry
both imaging and humidity sounding channels. For SSMIS, only the 183 GHz channels’ usage has been
altered in these experiments; the imaging channels on SSMIS (F-17) were actively assimilated during this
time, and they remain so. For GMI, in all experiments its 183 GHz channels were not assimilated while
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Table 3: Actively assimilated channels on temperature and humidity sounding sensors, given by their
bands’ centre frequencies (C. Freq.) in GHz. As ATMS possesses all common channels, its channel
numbers (ATMS Ch.) are given for reference.

Temperature Humidity

C. Freq. ATMS Ch. Other Sensors C. Freq. ATMS Ch. Other Sensors

53.596±0.115 6 AMSU-A 183.31±1.0 22 MHS, SSMIS

54.40 7 AMSU-A 183.31±1.8 21 -

54.94 8 AMSU-A 183.31±3.0 20 MHS, SSMIS

55.50 9 AMSU-A 183.31±4.5 19 -

57.290344 = f0 10 AMSU-A 183.31±7.0 18 MHS, SSMIS

f0 ±0.3222 11 AMSU-A

f0 ±0.3222±0.048 12 AMSU-A

f0 ±0.3222±0.022 13 AMSU-A

f0 ±0.3222±0.010 14 AMSU-A

f0 ±0.3222±0.0045 15 AMSU-A

all other channels were assimilated as in normal operations (Lean et al., 2017). Both SSMIS and GMI
have channels in the 150 GHz to 166 GHz window region, and these are actively assimilated beginning
with Cycle 46R1 (Lonitz and Geer, 2020). For our purposes here, these are considered imager channels
despite their sensitivity to humidity via continuum absorption of water vapour, and thus remain active in
all experiments.

Note that most sensors with sounding channels are cross-track instruments, in that they scan back and
forth normal to the satellite’s direction of motion and thus sound the atmosphere at various angles and
levels. In contrast, one of the sensors we consider here, SSMIS, is conically scanning and thus views
the atmosphere at a fixed angle off nadir in front of the satellite’s direction of motion. SSMIS humidity
channels are thus not exactly equivalent to MHS, for example, as the same frequencies are sensitive to
humidity at different atmospheric levels due to the scanning strategy.

In these experiments, the treatment of data in the assimilation is unchanged from that in operations.
AMSU-A and ATMS data are thinned as sensor groups together so as to manage the overall data volume
and error correlations that may exist horizontally, and their data are assimilated in the clear-sky assimi-
lation stream. The clear-sky assimilation stream includes no absorption or scattering from hydrometeors
in the atmosphere, whereas the all-sky stream includes hydrometeors in the radiative transfer. 3x3 av-
eraging of ATMS data is performed prior to assimilation to more closely match the noise performance
of equivalent AMSU-A channels. For more details see ECMWF (2019a), ECMWF (2019b), Geer et al.
(2014), and Bormann et al. (2013).

To help visualise the data usage, we can employ ATMS since it has all the temperature and humidity
channels considered in these experiments. Channel numbers and centre frequencies for ATMS are found
in Table 3, along with the sensors that have equivalent channels. A sample cycle is shown in Fig. 1, the 0Z
assimilation window on September 1, 2018, indicating which channels were actively used and on which
satellites. Seen from a different perspective, total observation numbers of ATMS channel equivalents
are given in Fig. 2 for each experiment. Channel usage differs either because some instruments do
not include all channels, or because certain channels have failed on certain instruments (especially for
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Figure 1: Data usage of assimilated sounding channels from the 7 Sounders experiment is shown in blue,
indexed by ATMS channel numbers and separated into humidity (top) and temperature (bottom) chan-
nels, from a sample date (September 1, 2019) within the experimental period. Note how Aqua AMSU-A
and humidity channels from FY-3B, FY-3C, F-18, and GPM are inactive due to satellite selection (see
Table 2), whereas other channels either do not exist on some sensors or are broken and thus inactive.

AMSU-A and MHS). As apparent from Fig. 2, not every sounder pair added is equivalent, due to this
different availability of channels, but also different clear-sky/all-sky usage in the assimilation. This needs
to be kept in mind when comparing the impacts of different sounder increments.

2.2 Sounders Addition Results

Addition of MW sounding observations shows clear and strong beneficial impact on forecast scores well
into the medium-range. From the depleted baseline with no MW sounding data, strong forecast improve-
ment is visible in various fields. A consistent pattern emerges in which forecasts are very significantly
improved at short lead times, 12 to 24 hours, and these benefits decrease at longer lead times but remain
beneficial at the 95% confidence level. The strength of the forecast improvements and how long they last
into the forecast period depend on the parameter and atmospheric level, but the general pattern is robust.

Forecast benefit is visible in root mean squared errors (RMSE) of 500 hPa geopotential heights (hereafter
Z500) from introduction of the first sounder. Figure 3 shows that each further addition of sounder data
(i.e. 3, 5, 7 sounders) yields a further reduction in Z500 RMSE, albeit to a somewhat smaller extent.
The improvements are statistically significant out to 4-day lead times in both hemispheres for the 3, 5,
and 7 Sounder experiments, for example. The overall impact of sounder data is stronger throughout the
Southern Hemisphere (SH), where fewer conventional observations help to constrain the atmospheric
analysis. This is clear when comparing the panels in both figures. For instance, the inclusion of 5 or
7 sounders demonstrates significant impact in SH Z500 out to forecast day 6 and 7, respectively (not
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Figure 2: Total number of actively assimilated observations from sounding channels in each experiment,
indexed by ATMS channel numbers and summed over the 3.5 month experimental period. The dashed
line separates temperature sounding channels (6-15) from humidity sounding channels (18-22).

shown).

Figure 3: Change in geopotential height root mean squared errors (RMSE) at 500 hPa, given as a percent
difference relative to No Sounders as the control. Forecast lead times are given on the x-axis in hours.
The left panel shows scores over the Northern Hemisphere (20 ◦N to 90 ◦N) and the right panel shows
Southern Hemisphere scores (20 ◦S to 90 ◦S). Two-tailed 95% confidence intervals are shown by black
lines (following Geer (2016)), and the verification reference was the ECMWF operational analysis.

In the polar regions shown in Fig. 4, the benefit of adding at least one MW sounder pair is very clear in the
Z500 scores, and further additions show strong additional benefits, indicating no apparent “saturation”
for improving mid troposphere forecasts. This finding is in line with the significance of MW radiance
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Figure 4: As in Fig. 3, but instead scores over the Arctic region (> 60 ◦N) on the left and the Antarctic
region (> 60 ◦S) on the right.

assimilation in the Arctic noted elsewhere (Lawrence et al., 2019). The large polar impacts seen here
in both hemispheres are particularly noteworthy, as the poles are the most heavily-sampled regions on
Earth due to most satellites maintaining polar orbits. The fact that improvements in Z500 scores are not
only visible in the polar regions but actually strongest there with additional MW sounders is perhaps the
strongest argument against saturation, given the high density of satellite observations there already.

Figure 5: As in previous figures, but for vector wind (VW) RMSE over the tropical belt (20 ◦N to 20 ◦S),
for 200 hPa (left) and 850 hPa (right).

Continued benefits from adding MW sounders are also seen in the Tropics. Figure 5 shows the change
in RMSE for vector winds (VW) at 850 hPa and 200 hPa in the Tropics. The impact of sounder data is
shown to be larger in the upper troposphere than the lower atmosphere. Some of this is likely through
the “tracer effect,” by which 4D-Var derives wind information from the all-sky assimilation of humidity-
sensitive observations (Geer et al., 2017). At both levels in the Tropics, adding sounder data shows clear
benefit well into the medium range.

Evaluation of short-range forecast scores against analyses can be misleading (Bormann et al., 2019),
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Figure 6: Changes in the global standard deviation of background departures for independent observa-
tions from adding sounder pairs. The percentage change in standard deviation of first guess (FG) de-
partures is given for channels/levels from (a) CrIS, (b) AMVs, (c) GPS-RO, (d) radiosonde temperature.
The 100% line indicates the No Sounders baseline. 95% confidence intervals are shown by horizontal
lines (b, d) and dotted lines (a, c).

so in the following we further assess the short-range impact through background statistics for other
assimilated observations. Fig. 6 shows global statistics for several observations with a strong signal in
the O-B (observed minus background) fields. For each observation type, strong impact is seen from the
first sounder added, as much as 1-2% decrease in the standard deviation for some background departures.
The maximal 7 Sounders experiment yields a 3% or more decrease in the standard deviation of O-B for
some observations—a remarkable amount considering that the rest of the observing system remains
unchanged.

Analysing the short-range forecast fits against other observations gives a clear indication of where
sounder data improves the analysis. Radio occultation (GPS-RO) fits are most improved in the mid strato-
sphere (about 25 to 40 km), where MW temperature channels are a vital constraint. The radiosonde fits
also improve most at high altitudes, but there is a secondary peak below the tropopause that also appears
in the atmospheric motion vector (AMV) fits. From the hyperspectral infrared sensor CrIS, its upper
tropospheric and stratospheric channels (wavenumbers below about 700 cm−1) show the largest impact
from MW sounder data being added, but the humidity channels (wavenumbers around 1050 cm−1) also
show sizable impact that is quite distinct even between 5 and 7 Sounders. This view indicates a lack
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of saturation for short-range forecasts at various atmospheric levels. These findings echo other recent
studies (Bormann et al., 2019; Weston and Bormann, 2018).

Figure 7: As in Fig. 3, but for global stratospheric temperature (T) error standard deviation, for 5 hPa
(left) and 50 hPa (right). Note the different x-axis, spanning 2- to 10-day forecast lead times.

As hinted at in the short-range forecasts assessed in Fig. 6, the impact of MW sounder data may be largest
in the stratosphere. Figure 7 shows the reduction of forecast error at two stratospheric pressure levels,
5 hPa and 50 hPa. Here we focus on temperature standard deviations (stratospheric biases can depend
heavily on the verification reference) and look at longer lead times due to the slower processes involved.
The impact of MW sounders in the stratosphere is relatively consistent with tropospheric impacts, with
strong positive effects realised by the first sounder addition and further improvements from additional
sounders lasting well into the medium range. Impacts are quantitatively largest in the upper stratosphere,
as AMSU-A and ATMS act as key constraints on the analysis at these pressure levels. While significant
impact is visible out to day 10 in the upper stratosphere, the apparent benefit of additional sounders
gradually decreases at longer lead times.

3 FY-3D Sounding Instruments

In this second part of the paper, the focus shifts to a recent addition to the global observing system,
FY-3D. The FY-3D satellite is the second member of the FY-3 series from CMA that is designated for
operational use, following FY-3C and holding many of the same instruments. FY-3D was launched in
November 2017 into a 14:00 ECT, with a real-time data stream established at ECMWF in summer 2019.
Note that FY-3D is not included in earlier tables and figures for the sounder addition experiment (Table 2,
Fig. 1) because the data were not available operationally over that time period.

First, the data quality of the two microwave sounding instruments on board FY-3D, MWHS-2 and
MWTS-2 (Micro-Wave Humidity/Temperature Sounder -2, respectively), are assessed relative to sim-
ilar sensors. Then, results of assimilation experiments using MWHS-2 are presented in the context of
the paper’s first half. For analysis of the FY-3 series considered altogether and its impact on forecast
skill at ECMWF, including some assessment of the microwave imager on FY-3D, see Bormann et al. (in
review).

MWTS-2 is a temperature sounder using a channel suite similar to AMSU-A, with 13 channels primar-
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Table 4: Channels numbers (Ch.) and their central frequencies (C. Freq.) are given for MWTS-2 and
MWHS-2, focusing on the actively assimilated channels only. Equivalent ATMS channel numbers are
given if one exists, as in Table 3, with an asterisk signifying an inexact channel match.

MWTS-2 MWHS-2

Ch. C. Freq. ATMS Ch. Ch. C. Freq. ATMS Ch.

4 53.596 6* 2 118.75± .08 -

5 54.40 7 3 118.75±0.2 -

6 54.94 8 4 118.75±0.3 -

7 55.50 9 5 118.75±0.8 -

8 57.290 = f0 10 6 118.75±1.1 -

9 f0 ±0.217 11* 7 118.75±2.5 -

10 f0 ±0.3222±0.048 12 8 118.75±3.0 -

11 f0 ±0.3222±0.022 13 11 183.31±1.0 22

12 f0 ±0.3222±0.010 14 12 183.31±1.8 21

13 f0 ±0.3222±0.0045 15 13 183.31±3.0 20

14 183.31±4.5 19

15 183.31±7.0 18

ily sampling the oxygen absorption band near 50 GHz, albeit without the window channels at 23.8 and
31.4 GHz. MWHS-2 holds five channels sampling around the strong water vapour absorption line at
183.31 GHz, just like on ATMS. What sets MWHS-2 apart amongst current operational sensors is its
suite of channels sampling the weaker oxygen absorption line at 118.75 GHz. The channels of MWTS-2
and MWHS-2 are given in Table 4, alongside equivalent ATMS sounding channels. Both are cross-track
scanning sensors. FY-3D has a nominal operating altitude of 836 km with a descending node local ECT
of 02:00.

3.1 Data Quality Assessment

The payload of FY-3D includes three passive MW sensors as well as other instruments. Both of the MW
sounder instruments are also present on board its predecessor, FY-3C. The MWHS-2 on board FY-3C was
found to provide good quality observations, and thus most of its sounding channels have been assimilated
operationally at ECMWF since 2016 (Lawrence et al., 2018). FY-3C MWHS-2 is assimilated in the all-
sky system, allowing scattering and absorption signals from hydrometeors to influence the assimilation.
In contrast, FY-3C MWTS-2 exhibited striping, W-shaped scan biases, and orbital bias characteristics at
various channels (Lu et al., 2015), and is presently not assimilated in the ECMWF system. MWTS-2 is
simulated via clear-sky radiative transfer, in line with the usage of AMSU-A and ATMS at ECMWF.

To assess the data quality of MWTS-2 and MWHS-2, background departures were examined first. These
statistics can then be compared against equivalent channels on similar sensors. For MWTS-2, it is im-
portant to consider how the data are averaged when comparing to other sounders (Lu et al., 2015); for
MWTS-2, for now, we consider observations before and after 3x3 averaging. The 3x3 averaging is
similar to what is done for ATMS (Bormann et al., 2013), averaging out some of the instrument noise
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to increase the signal to noise ratio. Note that the MWTS-2 scan pattern differs somewhat from that
of ATMS, such that the effective footprints of MWTS-2 after 3x3 averaging are more elongated in the
along-track direction. In contrast, MWHS-2 data are not averaged, though this is a possible topic for
future investigation especially for its temperature sounding channels.

3.1.1 MWTS-2

Figure 8: Background departure statistics for MWTS-2 over a sample week in mid July, 2019. Channels
1-3 have been omitted due to their surface sensitivity, and as they are used for screening rather than active
assimilation. Mean O-B is shown in the left panel before bias correction (BC) is applied, and the right
panel shows the standard deviation of O-B after BC. All data have been screened for cloud contamination,
from observations over ocean. MWTS-2 data are given for un-averaged and 3x3 averaged observations,
while ATMS data are for 3x3-averaged observations only.

Figure 8 shows background departure statistics for MWTS-2 for a sample week in July 2019. Most
MWTS-2 channels exhibit a slight negative bias, but generally less than 1.0 K. The standard deviations of
background departures show worse performance than equivalent ATMS channels on both NOAA-20 and
SNPP; the use of 3x3-averaging improves std(O-B) significantly, especially for the stratospheric channels
for which sensor noise is the dominant component of error, but the performance still lags behind that of
ATMS. The small benefit of 3x3-averaging for the lower-peaking MWTS-2 channels, e.g. channels 4 to
7, would imply that random sensor noise is not the dominant cause of the poorer performance relative
to ATMS. However, since MWTS-2 lacks the window channels on AMSU-A or ATMS typically used
for cloud screening, the comparison is not perfect; the clear-sky criteria for MWTS-2 is set by a 3 K
departure check on channel 1 alone, whereas for ATMS a cloud liquid water retrieval and scattering
index inform the cloud proxy as well. For instance, it is possible that this clear-sky screening difference
might manifest in the mean O-B for channel 4, which is about 1.0 K higher on FY-3D than for channels
5 or 6.

To examine the behaviour of background departures more closely, these can be analysed relative to scan
position. While there is significant variation between channels and their scan bias structures, a sample is
given here in Fig. 9 for channel 6. The scan position biases of this channel (top panel), are ultimately not
handled well by the bias correction scheme, as the middle panel shows. This shape of scan bias, roughly
W-shaped, is not represented well by the variational bias predictors used for temperature sounders, which
include linear, quadratic, and cubic predictors for scan position bias. The residual scan position biases
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after correction then map onto variability in the standard deviation of background departures, seen in the
bottom panel. This seems to be a key factor in explaining the higher std(O-B) relative to ATMS seen for
this channel in Fig. 8.

Figure 9: Background departure statistics given as a function of scan position for MWTS-2 channel 6 for
a sample week in mid July, 2019. Panels show mean O-B before correction (top), mean O-B after bias
correction (middle), and standard deviation of O-B after correction (bottom).

Lastly, a global map of background departures for a sample channel is given in Fig. 10, taken from
operational monitoring on 4th July, 2020; the data are not screened, as can be seen by cloud and high
orography signals in some places, but 3x3-averaging has been applied and the departures are shown
after bias correction. The scan position biases for channel 5 mirror those of channel 6 in Fig. 9. Some
occasional striping is also evident at this channel, but it is not pronounced. No orbital biases are noted
for this channel, though a weak ascending/descending bias was seen for channel 13 (not shown).

In this short assessment, a comparison to FY-3C is not offered for MWTS-2 because the sensor on FY-3C
was switched off in 2015 and therefore there is no period of overlap for direct comparison. However,
some qualitative comparison is possible given the documentation from Lu et al. (2015). Channels 8
and 9 appear to perform substantially better for FY-3D than on FY-3C, which showed anomalously poor
noise performance, whereas on FY-3D their std(O-B) is in line with those of other channels. Also in
that assessment, FY-3C exhibited strong negative biases of about 2-4K with respect to the background,
compared to the much smaller negative biases seen here (Fig. 8). Despite these noted improvements,
FY-3D exhibits some issues previously seen on FY-3C, including striping and scan position biases that
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Figure 10: FY-3D MWTS-2 first guess departures (after bias correction) from operational monitoring,
shown for channel 5 on July 4th, 2020.

are difficult to mitigate with the current bias correction scheme, as shown.

3.1.2 MWHS-2

The predecessor instruments to FY-3D MWHS-2 have seen success in the ECMWF system, with FY-3B
MWHS-1 being actively assimilated from September 2014 through May 2020 when it was switched off,
and FY-3C MWHS-2 used actively from April 2016 through the time of writing. This permits assessment
of FY-3D to include direct comparison with its predecessor instrument on FY-3C.

Figure 11: MWHS-2 background departure statistics from September 2019, from both FY-3C and FY-
3D. Statistics from MHS on two platforms, Metop-B and Metop-C, are provided for comparison. The
panels show background departure bias before correction (left), after bias correction (middle), and stan-
dard deviation of background departures after correction (right). Data were screened for used obser-
vations, over ocean, between 60 ◦N and 60 ◦S, and identified as relatively cloud-free using a scattering
index check as in Lawrence et al. (2018).

Figure 11 compares background departure biases and standard deviations between FY-3C and FY-3D for
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the MWHS-2 instrument. Statistics for equivalent channels on MHS from two satellites are provided for
comparison. FY-3D exhibits large negative biases before correction, consistent with FY-3C but in fact
more pronounced; however, after bias correction each channel has a mean bias near zero (middle panel).
The bias characteristics of channels 13 and 14 on FY-3D are somewhat anomalous on the instrument,
as all other channels exhibit similarly strong negative biases, but also are handled well by the correction
scheme. Large changes in bias as well as orbitally-dependent biases have been noted previously for
these channels on FY-3C (Lawrence et al., 2018; Bormann et al., in review), so this is something to
keep an eye on. The improvements in background departure standard deviations at most channels are
very promising, most markedly evident for channels 4 and 5. The NEDT for the 118 GHz channels on
MWHS-2 are larger than other sources of error, so this improvement from FY-3C to FY-3D most likely
reflects improved sensor noise for these channels on FY-3D.

The scan position biases should also be examined for MWHS-2, as strong asymmetric biases were noted
previously for the first scan positions on FY-3C, and these were hence not assimilated at ECMWF
(Lawrence et al., 2018). Figure 12 shows scan position biases for a sample channel, comparing FY-
3C and FY-3D. The scan position statistics given for channel 5 are fairly representative of the 118 GHz
channels, capturing the main differences between FY-3C and FY-3D. Whereas strong scan position bi-
ases existed for FY-3C, these have mostly been improved for FY-3D and the overall fit to the background
is improved across the scan. FY-3D generally exhibits larger absolute bias against the background but
the bias correction handles this well. As seen clearly in the bottom panel, channel 5 on FY-3D shows a
better fit to the background overall than on FY-3C. The humidity sounding channels on FY-3D mostly
exhibit little in scan position biases after correction. Small asymmetric scan position biases were seen
for channels 13 and 15 on FY-3D (not shown), and as a result the first scan positions are blacklisted for
these two channels. The full scan width is used for all other FY-3D channels.

As noted by Lawrence et al. (2018), channels 13 and 14 on FY-3C were not actively assimilated for years
due to concerns about their bias characteristics, and these channels also exhibited a weak but significant
ascending/descending orbital bias that showed seasonal dependence (Bormann et al., in review). These
are therefore not present in Fig. 11, which displays used data from September 2019. These channels
on FY-3D have not displayed such strong bias shifts or ascending/descending bias characteristics yet to
date, and thus were not removed from active use in assimilation trials. These combined factors—more
scan positions used and two more humidity channels actively used—mean that FY-3D has a higher data
volume of used observations than FY-3C.

3.2 Assimilation Trials

Following the positive assessment of FY-3D MWHS-2, assimilation trials were run to ascertain the fore-
cast impact of actively using these data. This was done using the standard TCo399 4D-Var experimental
setup for assessing operational changes. The observing system in these experiments includes all satellite
sensors used in operations as of May 2019. The assimilation experiment was run from mid July to mid
November 2019, just over four months in total. The control and experiment are based on the IFS Cycle
46R1, which became operational in summer 2019.

The forecast impact of adding FY-3D MWHS-2 is neutral to slightly positive in the medium-range
(Fig. 13). The largest improvements are seen for the Southern Hemisphere, where forecast errors for
the 500 hPa geopotential are statistically significantly reduced by up to 1% in the day 2-4 range. There
are also indications of forecast benefit over the South Pole, but not robustly significant given the four
month period. A slight mean change in mid-tropospheric temperature in the Tropics leads to a small
short-range degradation that disappears by day two, reminiscent of recent work on all-sky assimilation
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Figure 12: Channel 5 background departures as a function of scan position for MWHS-2 on FY-3C and
FY-3D. Mean O-B before bias correction (top), after bias correction (middle), and standard deviation of
O-B (bottom) are given for cloud-screened data over ocean from a sample week in July 2019.

Figure 13: Root mean squared errors in Z500 scores are given for the Southern (left) and Northern (right)
hemispheres. Verification is against own analysis, and the vertical lines represent confidence intervals of
95% given a two-tailed test.

of AMSU-A (Weston et al., 2019). In the stratosphere, no forecast impacts show significance beyond a
neutral result.
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Figure 14: Change in the standard deviation of background departures, given as a percent difference
relative to the control (100% line). The top panels are for SSMIS (left) and ATMS (right), the bottom
panels show geostationary infrared water vapour channels (left) and atmospheric motion vectors (right).

To further evaluate the impact of the assimilation of MWHS-2 on short-range forecasts, we also consid-
ered background departure fits for other assimilated observations. In general, the addition of FY-3D data
improves background fits of most humidity-sensitive observations, from passive microwave to infrared.
Figure 14 gives the changes in background fit for four other observing systems. ATMS background
fits improve significantly for most active channels, but most especially for humidity sounding channels
(18-22). The slight improvement for some stratospheric channels (11-14) was also observed in the as-
similation of FY-3C MWHS-2 (Lawrence et al., 2018), where it was only present for the combined
assimilation of the 118 GHz and 183 GHz channels. SSMIS sees improved fits for its 183 GHz channels
(9-11) as well as channel 8 at 150 GHz, indicating the mutual benefit of increased humidity-sensitive
MW channels used in all-sky assimilation, whereas the imager channels on SSMIS show no significant
change. Geostationary infrared water vapour fits also witness significant improvement in most cases.
Lastly, AMVs show improved fits in the upper troposphere and near the surface. Not shown in the figure,
but also significant, is that the inclusion of FY-3D causes the number of AMV observations assimilated
to increase by about 0.5% throughout the troposphere.
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3.3 Discussion

The above assessment of FY-3D for its two MW sounding sensors led to MWHS-2 being activated
in operations in December 2019, while MWTS-2 is currently being monitored. Later, the microwave
imager on board FY-3D, MWRI, was found to have sufficient quality to be activated as a fourth imager
in operations (Bormann et al., in review), and this activation occurred in May 2020. Thus at the time of
writing, FY-3D is a considerable component of the overall microwave constellation used in the ECMWF
assimilation system. This is all the more relevant, as its predecessor sensors on FY-3B and FY-3C have
been recently either switched off or are severely limited due to power issues.

MWHS-2 on FY-3D has become one of the dominant sources of data in the all-sky stream at ECMWF.
Compiled statistics from January through mid June of 2020 indicate that nearly half a million FY-3D
observations are assimilated in a mean 12 h assimilation cycle in operations, more than any other all-sky
sensor and roughly the same as one ATMS. Furthermore, FY-3D MWHS-2 has a significant influence
on the forecast as judged by the forecast sensitivity to observation impact (FSOI)—it averaged 2.3% of
overall FSOI over the same period, similar in magnitude to F-17 SSMIS or an AMSU-A.

Following FY-3D, the next satellite in the FY-3 series is due to launch in 2021 into a relatively unique,
early-morning orbit. FY-3E is expected to carry another MWHS-2 sensor and a new MW temperature
sounder as well. Given the results presented here, the positive impact seen from assimilating the humidity
sounder on FY-3D may be hoped to be repeated or even improved upon for FY-3E, given its unique orbital
crossing time.

The results from assimilating MWHS-2 on FY-3D complement well the conclusions of the sounders
addition study. Whilst the very large forecast improvements seen from the first sounders added (Fig. 3)
are not replicated by the latest sounder, there is measurable impact that is neutral to positive (Figs. 13, 14).
This lines up with theory and results from the sounder addition study, in that the impact of additional
sounder observations may asymptote over time as sounders are added, but should remain positive if the
information added is well characterised. It is possible, for instance, that spatially- or spectrally-correlated
errors could confound this concept of adding information, but that does not seem to be the case here.

While the conclusions about humidity impacts from FY-3D MWHS-2 are relatively straightforward,
conclusions regarding the utility of its 118 GHz channels are not. This echoes Lawrence et al. (2018),
who found little direct impact from these channels when assessed on FY-3C alone. However, now with
two MWHS-2 sensors in orbit with a good period of overlap, further study into optimising these channels’
usage and assessing their combined impact may be warranted.

4 Conclusions

In this paper, the topic of additional microwave sounder data and its relative utility in NWP has been
explored in two ways. One was a systematic and controlled assessment of the topic, feasible thanks to
the large number of sounders currently in orbit so that sets of sensors could be added to a synthetically
depleted observing system. The other was very practical, borne out of routine evaluation of a new data
source to determine whether it was suitable for operational assimilation.

First, a series of OSEs were compared to a depleted observing system, with MW sounders added gradu-
ally in complementary pairs of temperature and humidity sensors from a variety of orbital crossing times.
Improvements in forecast skill were dramatic for the first sounders, and remained consistently positive
but gradually diminished up through the final sounders added. This was remarkably visible in almost ev-
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ery metric examined, with positive impacts seen for parameters in all regions, throughout the troposphere
and stratosphere, with only the magnitude of the response varying. Impacts were largest in the mid tro-
posphere and upper stratosphere, especially in the Southern Hemisphere and polar regions where satellite
data is predominant; the continued improvement in polar regions is particularly impressive, given that
these regions already have high sampling from satellites.

Second, sounders from the FY-3D satellite were assessed relative to similar instruments. MWTS-2
showed some issues similar to its predecessor on FY-3C, with complex bias characteristics that are
currently not handled well by the correction scheme in place. MWHS-2 performed similarly to cur-
rently used humidity sounders, and its temperature channels’ performance is improved relative to FY-3C.
The positive assessment of MWHS-2 led to trials that demonstrated the benefits of additional humidity
sounding channels in assimilation, with improved humidity analysis and short-range forecasts as judged
by other humidity-sensitive observations. Some mid-tropospheric forecast benefit was also visible into
the medium range, demonstrating the potential of forecast benefit from further humidity sounders in
particular.

These two studies taken together indicate that any type of “saturation” of MW sounder data in the
ECMWF data assimilation system has not yet been reached. Adding sounders with well-characterised
biases and low sensor noise to the observing system would be expected to add further to the quality
of analyses and forecasts, as there is no strong indication in this work of such observations conflicting
with any others. It is remarkable that a sensor like FY-3D MWHS-2 can provide demonstrable forecast
benefits despite the plethora of similar channels already assimilated. But with some sounders breaking
and many now far beyond their expected lifetime, this paper is a reminder not to take this abundance for
granted either, as each one counts.
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