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Table 1 Characteristics of AMSU-B, MHS, MWHS and ATMS.
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An Introduction to Satellite-based Microwave Humidity
Sounding Data

1 . :1,2
Ma Yuan', Zou Xiaolei~

(1 Department of Earth, Ocean and Atmospheric Science, Florida State University, USA 2 Center of Data Assimilation

for Research and Application, Nanjing University of Information and Science & Technology, Nanjing 210044)

With the successful launch of National Oceanic and
Atmospheric Administration (NOAA) meteorological
satellite NOAA-15 on May 13, 1998, the first Advanced
Microwave Humidity Sounding Units-B (AMSU-B)
(http://www.wmo-sat.info/oscar/instruments/view/33) came into
use. AMSU-B and the first Advanced Microwave
Temperature Sounding Units-A (AMSU-A) also on
board NOAA-15 were designed to monitor atmospheric
humidity and temperature profiles, respectively. Different
from visible or infrared bands, microwave is capable of
penetrating through non-precipitation clouds, and can
thus operate in all-weather conditions except for heavy
rainfall. Combining the five channels of AMSU-B with
the 15 channels of AMSU-A gives the so-called 20
AMSU channels. In other words, AMSU channels 16-20
correspond to AMSU-B channels 1-5. The two AMSU-B
window channels 1-2 have their center frequencies
located at 89.9 and 150 GHz, respectively, providing
measurements of surface parameters such as surface
temperature and surface emissivity. The three AMSU-B
sounding channels 3-5 have their central frequencies
located on the 183.31 GHz vapor absorption line.
Specifically, the center frequencies of AMSU-B channels
3, 4 and 5 are located at (183.31%1), (183.31£3),
(183.31£7) GHz, respectively. AMSU-B channels 3-5
are designed to profile the water vapor in the troposphere.
Some other channel characteristics of AMSU-B can be
found in Table 1.

AMSU-B is also on board NOAA-16 and -17, which
were launched on September 21, 2000 and June 24, 2002,
respectively. Since the launch of NOAA-18 May 20, 2005,
AMSU-B was replaced by Microwave Humidity Sounder
(MHS) (http://www.wmo-sat.info/oscar/instruments/view/281).

Following the launch of NOAA-18, MHS was on board

NOAA-19 and the European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT)
MetOp-A and MetOp-B, which were launched on
October 19, 2006, February 6, 2009 and September 17,
2012, respectively. Channels 1-5 of MHS resemble the
five channels of AMSU-B, with some minor changes in
frequency allocation and polarizations. Figure 1 provides
the vertical distributions of weighting functions for MHS
channels calculated by the Community Radiative Transfer
Model (CRTM)" using the US standard atmospheric
profile. The larger the weighting function is at a vertical
level, the larger the atmospheric contribution from that
level is to the total radiation. The weighting function
maxima of MHS channels 3-5 are located at 400, 600 and
800 hPa, respectively.

China also successfully launched Fengyun-3A (FY-
3A) and 3B (FY-3B) on May 27, 2008 and November 5,
2010. On board FY-3A and FY-3B there is MicroWave
Humidity Sounder (MWHS)", which was developed
by China. Channels 3-5 of MWHS are similar to the
three sounding channels of AMSU-B and MHS, but the
two MWHS window channels 1-2 have the same center
frequency of 150 GHz with different polarization states
(see Table 1). The AMSU was replaced by the Advanced
Technology Microwave Sounder (ATMS)" when the new
US satellite, Suomi National Polar orbiter Partnership
(NPP), was launched on October 28, 2011. ATMS
combines previous microwave temperature and humidity
sounders AMSU-A and MHS into a single package,
and is the most advanced, state-of-the-art satellite-
based microwave instrument that provides temperature
and humidity information at the same 96 field-of-view
(FOV) locations, although FOV sizes are different.
Compared with its heritages, ATMS has included an
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extra temperature channel in the low troposphere and two

new humidity channels (see Table 1). ATMS channels

16, 17, 22, 20 and 18 correspond to MHS channels 1-5,

respectively.

The observing time periods of the polar-orbiting
satellites carrying the above-mentioned four microwave
humidity sounders are provided in Fig. 2. All AMSU-B,
MHS, MWHS and ATMS are cross-track, line-scanning
radiometers. It takes 2.67 seconds for AMSU-B, MHS,
MWHS or ATMS to complete a single scanline, with 90,
90, 98 and 96 FOVs, respectively. The beam width is
1.11°. The outmost scan-angles are 49.4°, 49.4°, 53.9°
and 52.8°, and the swath widths are 2250, 2250, 2700
and 2500 km, respectively, for the four radiometers.
The spatial resolution of data points are all around 15
km. Channel characteristics of those humidity sounders
are compared in Table 1. NEDT represents the noise
equivalent temperature sensitivity, which quantifies the
magnitude of instrument noise. The NEDT for MHS is the
smallest among the four microwave humidity radiometers.

Icarried out an extensive satellite in-orbit

Bonsignori*
verification for observations from MHS on board both
NOAA-18 and MetOp-A, and concluded that the MHS
data have better quality than AMSU-B in terms of data
noise and calibration accuracy. John et al.”) conducted
inter-calibrations for microwave humidity sounders
between three pairs of satellites, which are NOAA-16 and
NOAA-15, Metop-A and NOAA-17, as well as NOAA-19
and NOAA-18. Brightness temperatures observed at
simultaneous nadir overpass (SNO) were compared. FY-
3A MWHS observations in January 2010 was compared
with MHS data from NOAA-18 during the same period™.
The comparison was carried out in terms of the mean and
standard deviation of the differences between the observed
and simulated brightness temperatures. Large positive
bias at channel 3 and cold bias at channels 4-5 were found
for both FY-3A MWHS and NOAA-18 MHS data and
are of similar magnitudes. Weng and Zou' pointed out
that the Rayleigh—Jeans approximation used for two-point
calibration might introduce a bias as large as 1 K at MHS
frequencies.

Figure 3 shows the brightness temperatures at
channel 1 or 2 (150 GHz, vertical polarization) observed
by NOAA-15, -16, -18, -19, MetOp-A and FY-3B, when
hurricane Lionrock made landfall in China. The rapid
decrease of brightness temperatures near hurricane center
arises from the following two facts: (i) microwave can
travel through non-precipitation clouds, but it is unable
to penetrate clouds in strong convective or rainy regions

such as hurricane eyewall and rainbands; (ii) radiation at
high-frequency microwave humidity channels is strongly
affected by scattering effects of ice clouds. Since a polar-
orbiting satellite passes over a certain geographical location
twice daily, any hurricane can be observed at no less
than a 12-h interval by a single sounder. With microwave
humidity sounders on board six satellites, however,
Lionrock was observed six times during an eight-hour
interval, with the longest interval between two successive
observations being two hours (Fig. 3). Another interesting
feature is that extremely cold brightness temperatures occur
not only around Lioncock itself, but also along a convective
rainband located to the east of the hurricane.

Microwave humidity sounding data have become
available since 1998, and are assimilated in operational
models at major Numerical Weather Prediction
(NWP) centers, in China 3D-Var methods are used to
directly assimilate those data'”. However, appropriate
assimilation of those data into NWP systems remains to
be a great challenge even today. McNally et al.”” once
pointed out several important issues including surface
emissivity adjustment, bias correction as well as cloud
and precipitation detection, etc. Because of limited
observations and knowledge on physical characteristics
of surface processes, cloud and precipitation, assimilation
of surface sensitive channels and cloud radiance are two
main challenges.

Qin et al.”’ found that assimilation of MHS data in
the National Center for Environmental Prediction (NCEP)
Gridpoint Statistical Interpolation (GSI) system degraded
the precipitation forecast scores.

Quality control (QC) procedures for MHS in GSI
assimilation system is briefly introduced as follows'".

A so-called liquid water path index (LWP,,4.,) over
different surface types is first calculated. Over ocean,

LWP, 4 1s calculated as:
Ty, —T1%)
0.13x[(T, —T;71) —33.58 x —=——>=],
(T, = T30 300-77, ]
if 7%, < 300K .

9, otherwise

LR — (1)

index

where 7i; and T, represent observations and model
simulations, respectively. Over land, the index LWP, 4., is
calculated as:

LIPS =085 (Ty, =) = (I3, ~ T3).

index (2)
Another index TPW ., which is relevant to total-
column precipitable water, is defined as:
TPW,pger = (T, =T51) = 7.5 LWE,

index
10.0}* + LWP?

index

The first step of GSI QC checks magnitude of

1/
. (3
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TPW, 4 Data from all five channels of MHS are rejected if
TPW,iex>1.

index

In the second QC step, O-B outliers are removed if

Ty, —];“j| >3e; or |Tb°, —7];‘}| > 6K, where i is the channel

number and e;. is the adjusted accuracy of observation
errors, which is related to terrain height (/7),7PW,,., and

transmittance at the model top (z;). ¢, is expressed as:

e;’:eix(l_TPVVifdex)foXTimp’ Y
where e, is the accuracy of observation errors for the i
channel. e;is set to 2.5K for channels 1-3 and 2.0K for
channels 4-5. f;; depends on terrain height H. If H is
higher than 2 km, f,,=2000/H, otherwise f;,=1 .

The third QC step removes data from all channels if
data from any of the five channels is rejected in the second
step.

Based on the GSI QC algorithm described above, a
Metop-A MHS QC experiment is carried out. Results of a
single swath at 0000 UTC, December 24, 2011 is shown in
Fig. 4. Black and white background shows the reflectivity
observed at AVHRR visible channel 1 (0.63pm). Cloudy
regions, which have higher reflectivity, are shown in
lighter color. Metop-A MHS data points removed in the
first, second and third QC steps are indicated in red, blue
and green, respectively; data points retained are indicated
in yellow. It is seen that GSI QC test fails to identify some
cloudy data points, and it mistakenly takes some clear-sky
observations as cloudy.

Zou et al."” developed an extra step in the GSI
system for MHS cloud detection. A statistical relationship
is established first, which is between observations from
two MHS window channels as well as the lowest sounding
channel, and observations from GOES imager channel at
10.7 um. The statistical relationship is expressed as:

(0= BYiesion = 0.000x Thiys +0.085x T+

0.877x Tyvys, . —274.255 )

(O B)rc.e(g)rE;i?cllan =-0.536x% TI;?:ZHSC,“ +1.132x TL?:ZHSC,,Z +
0.537x T, —321.318 , (8

where E?lngschi indicates observed brightness temperatures
at the i" channel of MHS, and (O — B):2%" indicates
linear regression function of differences between
observations and model simulations at GOES channel
4, which is calculated using MHS data. The data points
satisfying the following conditions are then identified as
cloudy and thus removed:

(0= B)Soisims < —4K, (0= B)Goiiomn = —2K. (7)
With the new algorithm added, data points

Seriel % % % %Y

contaminated by cloudy radiance were successfully
identified and removed in the GSI system, which results in
a significant improvement of the quantitative precipitation

forecast scores from MHS data assimilation. Details could

be found in Zou et al. "%,

Continuous microwave humidity sounding data for
more than 15 years had been provided by AMSU-B on
board NOAA-15, -16, -17, MHS on aboard NOAA-18,
-19, MetOp-A, MetOp-B, MWHS on aboard FY-3A, FY-
3B, and ATMS on board Suomi NPP (as in Fig. 2). This
unique dataset can be used for studying global climate
change associated with water vapor information. For
example, Moradi et al. """ retrieved the tropospheric
humidity profiles from microwave humidity observations
from NOAA-15, -16, -18, -19 and MetOp-A, which were
firstly compared with radiosonde data and then used for
an investigation of the impact of water vapor in the middle
and upper troposphere on global water cycle. Currently
microwave humidity sounding data have not been widely
used in climate research yet. With a continuous increase in
time length of this dataset, however, microwave humidity
sounders can be better utilized for global climate change
studies related to water vapor.
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