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Abstract: The brightness temperatures and their Jacobians with respect to atmospheric temperature
and humidity at the microwave to millimeter wave spectral bands from 23 GHz to 424 GHz are
simulated with the ECMWEF IFS-137 profiles as inputs to the Advanced Radiative transfer Modeling
System (ARMS). The information content of temperature and humidity is then calculated individually
through the Shannon entropy which is contributed by a-priori background information and observa-
tions. For a typical set of measurement uncertainties, a high information content for atmospheric
temperature is mainly obtained from V band near 50-70 GHz, whereas that for water vapor comes
from G band near 183 GHz and Y1 band near 380 GHz. The channels within the G band have a large
temperature information content mainly for lower and middle layers of troposphere and the Y1 band
has a relatively large humidity information content for the entire troposphere. A large measurement
uncertainty can significantly reduce the information content of each band. Thus, to make a best use
of the data from each band, it is important to reduce the instrument calibration noise and increase the
accuracy in forward radiative transfer simulation.
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1. Introduction

Satellite-borne microwave atmospheric sounding instruments provide vital observa-
tions for environment monitoring and numerical weather model data assimilation. The
principle of microwave sounding is largely based on the oxygen absorption lines for tem-
perature profiling and the water vapor absorption lines for humidity profiling. Compared
with infrared instruments, microwave instruments can “see” through clouds and precip-
itation and therefore are better suited to obtain all-sky atmospheric information, which
is essential to the numerical weather prediction. Since the 1960s, a number of meteoro-
logical satellites have carried onboard microwave sounders for atmospheric sounding.
The combination of the Microwave Sounding Unit (MSU) and the Infrared Atmospheric
Sounder (HIRS), launched in 1978 in the United States, enabled remote sensing of the
vertical temperature profile of the atmosphere with 4 channels at 50 GHz. Subsequently,
the US launched SSM/I, SSM/T-1, SSM/T-2, and SSMIS in the DMSP program. SSM/T-1
was designed for atmospheric temperature, whereas SSM/T-2 is for atmospheric humidity.
SSM/I and SSMIS, whose channels range from 19 GHz to 183 GHz, can get the informa-
tion on cloud, rain, sea ice and snow cover, in addition to atmospheric profiles [1]. In
NOAA satellite program, AMSU-A and AMSU-B are also carried onboard the operational
environmental satellite NOAA-KLM series and replace MSU as the second generation of
atmospheric sounding systems [2,3]. AMSU-A has 15 channels at 23-89 GHz. AMSU-B has
five channels at 89-183 GHz. Europe has launched MetOp-A, MetOp-B and MetOp-C with
the same microwave sounding system as that of U.S. environmental satellites. The latest
generation of microwave sounding system onboard the Suomi National Polar-orbiting
Partnership (SNPP) and NOAA-20 satellites is ATMS, which provides 22 more channels.
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MetOp-5SG is planned to be launched in 2023 with a high frequency channel at 229 GHz [3].
China’s satellite microwave sounding system was developed more recently. The FY-3A
polar-orbiting meteorological satellite, launched in 2008, carried microwave thermometer
MWTS-1 and microwave hygrometer MWHS-1 for the first time to carry out atmospheric
observations of cloudy and rainy areas. After two experimental satellites, FY-3A and FY-3B,
the China Meteorological Administration (CMA) steadily upgraded the technology and
later carried more advanced microwave sounding instruments on FY-3D and FY-3E satel-
lites. The data collected were widely used in operational numerical weather prediction
and research, demonstrating that microwave sounding data can greatly enhance numeri-
cal forecasting under both clear and cloudy conditions [4-13]. With the development of
payload technology and considering the growing demand of microwave application, the
CMA plans to launch the FY-4 geostationary Microwave Meteorological Satellite, carrying
microwave instruments with more channels to perform observations at high temporal and
spectrum resolution to further improve the numerical weather forecasting. The number
of sounding channels on this satellite will be greatly increased compared to previous on-
board microwave instruments. Hyperspectral sounding channels in the 50 GHz band and
high-frequency 380 GHz and 424 GHz channels are also planned.

In the past, the observation system simulation experiment (OSSE) and assimilation
experiments are widely utilized for exploring and evaluating the impacts of microwave
instruments on forecasts. However, the contribution of the specific channels for existing
and planned atmospheric sounders to the total information content is not fully understood.
In recent years, the information content analysis is also developed for channel selection
of satellite-borne infrared hyperspectral data for the data assimilation and is becoming a
mature method for satellite applications [14,15]. By ranking the magnitude of channel infor-
mation content, the channels with high information content (i.e., the subset of channels that
contribute more to the observation system) can be preferentially selected according to spe-
cific applications. In assessing the microwave hyperspectral payloads, some scholars have
also started to introduce the information content method into the channel selection [16-19].
This study first calculates the information content of all the channels in some important
microwave spectral bands, so as to quantitatively evaluate the contribution of each channel,
analyze the role of channels in the retrieval of atmospheric temperature and humidity
profiles, and provide valuable references for the optimal configuration of channels on the
application of future microwave observational data.

This paper is organized as follows: Section 2 introduces a fast radiative transfer
model and dataset used in this paper. Section 3 provides a description of the scheme for
calculating the channel information content. Section 4 analyzes the Jacobian function of
the channels, which is the basis for the subsequent channel information content analysis.
Section 5 is an analysis of the results of the channel information content. Finally, Section 6
provides a discussion and conclusion, and suggests the optimal configuration of channels
for application.

2. Radiative Transfer Model and Profile Dataset
2.1. Radiative Transfer Model

The interaction between radiation energy and atmospheric media is characterized
through gaseous absorption or particle scattering and the fast calculation for atmospheric
radiative transfer is important in satellite remote sensing and data assimilation [20,21]. The
model is used as an observational operator to establish the relationships between satellite
microwave and infrared sounding radiances and atmospheric state variables, which can
effectively assimilate satellite radiation data into the numerical prediction system (NWP).
Internationally used rapid radiative transfer models are the Community Radiative Transfer
Model (CRTM) [22], TIROS Operational Vertical Sounder (RTTOV) [23,24], and Advanced
Radiative transfer Modeling System (ARMS) [25-27]. Most of these models consist of an
atmospheric gas absorption module, an absorption scattering module for aerosols and
clouds, a surface emission and reflection module, and a radiative transfer scheme, among
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which ARMS, as China’s self-developed rapid radiative transfer model, contains some
additional modules that consider the scattering of spherical and non-spherical aqueous
particles and emission and scattering from rough ocean or land surfaces, and supports all
instruments on board the Fengyun satellite [25]. The input parameters of the atmospheric
gas absorption module include the atmospheric temperature, air pressure, and humidity
profiles and five alternative atmospheric absorption calculation methods, which allow
the calculation of the total gas absorption, the spectral absorption and the continuous
absorption of water vapor. The parameters, such as wavelength, temperature, mean
particle size, and mixing ratio of hydrometeor content, are used to calculate absorption
and scattering cross section, and scattering phase functions. The surface emissivity module
allows one to set the surface type as desired. The IFS-137 profile set selected for this study is
more uniformly distributed globally, and the calculation is based on different surface types
to calculate the land or ocean surface emissivity [26]. Parameters, such as temperature
and humidity profiles, latitude and longitude, surface temperature, and 10-m wind speed
extracted from IFS-137, were input, and the scanning angles were set to 0° or 60° according
to the frequency of the channel (where the window channel is set to 60° and the other
channels to 0°) to produce the temperature and humidity Jacobian for each channel.

2.2. NWP Profile Dataset

The atmospheric model profile data used for the calculation of Jacobian were ex-
tracted from the IFS-137 (The Integrated Forecast System, 137-levels) profile database of
the European Centre for Medium-Range Weather Forecasts (ECMWF), which includes
a representative set of 25,000 atmospheric profiles from global short-term forecasts in a
137-level vertical grid extending from the surface to 0.01 hpa. The database is divided into
five subsets focusing on different sampling of temperature, specific humidity, ozone mixing
ratio, cloud condensate, and precipitation [28,29]. The profile database is compiled from
the short-range forecasts spanning the time period of 1 September 2013-31 August 2014.
The forecasts are produced by the version Cy40r1 of the Integrated Forecasting System
(IFS), which became operational at ECMWEF on 19 November 2013 (earlier forecasts used
in this work are from pre-operational testing period). In contrast to earlier releases of the
ECMWE diverse profile database, the 137-level database puts an increased emphasis on
preserving statistical properties of sampled distributions (i.e., including a realistic amount
of frequently occurring atmospheric states). This is achieved by applying randomized
selection to provide majority (90%) of profiles in the output database. The method ap-
plied in the production of the IFS-137 database benefits from two extensions to the earlier
method. Firstly, a quality control step has been introduced to prevent unphysical profiles
from entering the output database. Secondly, an option has been added to select a large
number of profiles at random without the requirement on sufficient departure from all
other selected profiles. A subset concentrating on temperature sampling was selected for
this study (Figure 1).
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Figure 1. Distribution of (a) temperature and (b) specific humidity subsets in the IFS-137 profile set.

Gray shading indicates the range constrained by minimum and maximum values, orange shading
that constrained by 10th and 90th percentiles, and red shading that constrained by lower and upper
quartiles (25th and 75th percentiles). Black solid line show the mean profile.
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3. Channel Jacobian Analysis

The channels analyzed in this paper can be divided into three types according to
the object of analysis: temperature sounding, humidity sounding, window channels that
cooperate with cloud and rain analysis and window channels related to surface parameter
retrieval. The Jacobian is the partial derivative of radiance with respect to the atmospheric
parameters influencing that radiance. The Jacobian is fundamental in radiance assimilation
as its magnitude and shape determine the magnitude and shape of the analysis increments.
The sensitivity of channels at different frequencies to the atmospheric state variables is
also determined by the shape of the Jacobians. The mean of the temperature and humidity
Jacobians for all the profiles of IFS-137 profile set is represented in Figure 2.
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Figure 2. (a—f) Temperature and (g-1) humidity Jacobians at each spectral band.

In the microwave spectrum, only water vapor and molecular oxygen show significant
absorption. Compared with the infrared spectrum, the microwave spectrum has only a
limited number of absorption lines. Table 1 gives a description of the analyzed channel
settings. In the Table 1, T denotes temperature and Q denotes humidity. The channels
in the Table 1 are 46 channels, whose frequency is from 23 GHz to 424 GHz. There are
6 window channels that are 23.8 GHz, 31.4 GHz, 50.3 GHz, 89 GHz, 165 GHz, and 229 GHz
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which used to observe surface features and related cloud water or cloud ice parameters.
The 60 GHz is the oxygen absorption band, which is almost transparent to water vapor,
and 16 temperature sounding channels are set up near this spectrum. These channels are
mainly temperature sensitive and not sensitive to water vapor. 8 channels were set up near
118 GHz and six channels near 183 GHz for sounding water vapor. 118 GHz and 183 GHz
also have sensitivity to temperature. 118 GHz has a stronger Jacobian of temperature
than 183 GHz in the lower troposphere. In the high frequency band with 380.197 GHz
as the center of the water vapor absorption band are set up four channels to detect water
vapor, and with 424.763 GHz as the center of the oxygen absorption band are set up five
channels for temperature sounding. Due to the Riemann effect, the closer to the upper
atmosphere, the denser the oxygen absorption lines are, implying a greater variation of
transmittance with frequency. Therefore, the absorption varies even for the same channel
at different heights.

Temperature and humidity are the basic quantities that characterize the thermal state
of the atmosphere. The inhomogeneity of temperature distribution in the atmosphere
forms cold and warm air masses that determine local atmospheric cooling and warming
conditions, respectively. Water vapor in the atmosphere is necessary for the formation of
clouds that cause rain, and it is very unevenly distributed in the atmosphere. To accurately
forecast weather and climate conditions, accurate forecasts of temperature and water vapor
conditions are indispensable, and later we calculate the temperature information content
and humidity information content of each channel separately to quantify their contributions
to temperature and water vapor, respectively.

Table 1. Characteristics of microwave and millimeter wave band and polarization.

Center Bandwidth L. Sensitivity NEDT RTM Pe.ak Sensitive
Band Number Frequency (MHz) Polarization () ) Error  Height Variable
(GHz) (K) (hPa)
1 23.8 270 \Y% 0.5 0.25 2.0 1085.46 Window
2 23.8 270 H 0.5 0.25 2.0 1085.46 Window
K/Ka 3 31.4 180 \Y% 0.5 0.3 2.0 1085.46 Window
4 31.4 180 H 0.5 0.3 2.0 1085.46 window
5 50.3 180 \Y% 0.5 0.4 0.1 1085.46 T
6 50.3 180 H 0.5 0.4 0.1 1085.46 T
7 51.76 400 H 0.5 0.3 0.1 1085.46 T
8 52.8 400 H 0.5 0.25 0.1 972.329 T
9 53.246 4 0.080 2 x 140 H 0.5 0.4 0.1 814.871 T
10 53.596 £ 0.115 2 x 170 H 0.5 0.25 0.1 672.43 T
11 53.948 £ 0.081 2 x 142 H 0.5 0.4 0.1 525.476 T
12 54.4 400 H 0.5 0.25 0.1 382.808 T
v 13 54.94 400 H 0.5 0.25 0.1 266.444 T
14 55.5 330 H 0.5 0.25 0.1 175.048 T
15 57.290344 (fo) 330 H 1 0.25 0.1 86.3757 T
16 fo £0.217 2x78 H 1 0.4 0.1 49.358 T
17 fo :to%zéz + 4 x 36 H 1 0.6 0.1 30.6977 T
18 f0+0.322 + 4 x 16 H 1.5 0.6 0.1 15.4439 T
0.022
19 0 :I:O.%.;lﬁ(Z)Z + 4 x8 H 1.5 0.8 0.1 6.4172 T
20 0 2580?;252 + 4x3 H 25 1.2 0.1 3.0204 T
w 21 89 3000 \Y 0.5 0.2 2.0 1085.46  window
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Table 1. Cont.
Center Bandwidth s Sensitivity NEDT RTM Pe.ak Sensitive
Band Number Frequency (MHz) Polarization () K) Error Height Variable
(GHz) (K) (hPa)
22 118.75 £ 0.08 2 x20 H 2.5 2.0 15 30.6977 T
23 118.75 £ 0.2 2 x 100 H 15 0.7 15 68.8325 T
24 118.75 £ 0.3 2 x 165 H 1 0.7 15 92.8171 T
25 118.75 £ 0.8 2 x 200 H 1 0.7 15 241.321 T
F 26 118.75 £ 1.1 2 x 200 H 1 0.7 15 399.183 T
27 118.75 £ 2.5 2 x 200 H 1 0.5 1.5 972.329 T
28 118.75 £+ 3.0 2 x 1000 H 1 0.5 1.5 1000.01 T
29 118.75 £ 5.0 2 x 2000 H 1 0.5 15 1028.09 T
30 165.5 £ 0.725 2 x 1350 \% 1 0.5 2.0 814.871 window
31 183.31 £ 11 2 x 2000 H 0.5 0.4 15 790.081 Q
32 183.31 £ 7.0 2 x 2000 H 0.5 0.4 15 741.757 Q
G 33 183.31 £ 4.5 2 % 2000 H 0.5 0.5 1.5 672.43 Q
34 183.31 £+ 3.0 2 x 1000 H 1 0.5 15 525.476 Q
35 183.31 + 1.8 2 x 1000 H 1 0.6 1.5 450.797 Q
36 183.31 £ 1.0 2 x 500 H 1 0.7 1.5 399.183 Q
814.8 + .
J 37 229 2000 \% 1 0.7 2.0 C86:C9571 Window
38 380.197 + 18.0 2 x 2000 H 1 1.2 1.5 565.346 T/Q
39 380.197 £ 9.0 2 x 2000 H 1 1.2 15 487.295 T/Q
Y1 40 380197 + 1.5 2 x 500 H 2 12 15 307.068 T/Q
41 380.197 £ 0.4 2 x 200 H 25 1.2 15 266.444 T/Q
42 424763 £ 4.0 2 x 1000 H 1 1.2 15 545.199 T
43 424763 + 1.5 2 x 600 H 1.5 1.2 1.5 450.797 T
Y2 44 424763 £ 1.0 2 x 400 H 2 1.2 15 185.169 T
45 424763 £ 0.6 2 x 200 H 2.5 1.2 15 106.627 T
46 424763 + 0.3 2 x 100 H 3 1.2 1.5 63.5574 T

4. Information Content Calculation

In information theory, the system is in a state of complete disorder, we know the least
about the system, and entropy is at its maximum. The reduction in the information entropy
of the system due to the addition of observations is defined as the information content of
the observations. The amount of information brought to the system by the observation
is mainly manifested by a decrease in the estimation error of the system and an increase
in the certainty of the system. The ability of the observations to optimize the system is
related to the quality of the observations themselves, as well as the model performance.
The quality of the observation itself and the characteristics of its influence on the system
can be expressed by the observation error covariance matrix R. The model performance is
the prior information of the system, expressed as the background error covariance matrix
of the system, which is denoted by B in the text. In this sense, the reduction of information
entropy due to observation is the improvement of signal-to-noise ratio due to observation.
Therefore, the information content ER of the observation is the difference between the
information entropy S of the prior probability P(x) and the posterior probability P(x|y).
In reference to the paper of Rabier [15], we present the following equation,

14l

ER = 5(P(x)) = S(P(x|y)) = —5In( B

)s @)
where x is the atmospheric state vector to be inverted, y is the observed vector, and A is
the analytical error covariance matrix. The analytical error of the system changes during
the change of the observations added to the system. The analytical error A is calculated as

follows:
A=(B'+H'R'H), 2)
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where H are the Jacobians of temperature and humidity, which are from the fast radiative
transfer model ARMS. The background error covariance B is derived from the 137-layer
error profile of the ECMWEF model global sample temperature and humidity. Jacobians of
profiles output from ARMS have fixed levels, i.e., 95 levels. When calculating information
content using Jacobians, we interpolated the B matrix to the same number of levels as
Jacobians. The background error variance after processing is shown in Figure 3. The
observation error variance R was obtained according to the NEdT and the estimated error
of radiative transfer model [30,31]. The NEdT of most of the channels at K/Ka band, V
band and G band are set according to AMSU/MHS. For the rest of the channels at these
bands, we set the NEdT reference to ATMS. The NEdT of the channels at F band are coming
from FY-3C MWHS-2. There are two channels whose NEdT are from Metop-SG MWS. For
those high frequency channels at Y1 band and Y2 band, we just give a rough estimate. For
computational convenience, the observation error covariance matrix here is a diagonal
matrix (i.e., the correlation between channels was not considered).

The channel information content was calculated using an iterative approach. Based
on the initial background error and observation error, the information content of each
channel in the channel subset was first calculated, the information content was ranked, and
the channel with the largest increase was the first selected channel to be retained in the
system. The analysis error was then calculated, and the background error was updated
with this analysis error. That is to say, B is substituted with the calculated A in the next
step to select the second channel. In the second step, each of the remaining channels was
added to the system individually, and the information content was calculated once at a
time. The calculated information content was sorted so that the channel with the largest
increase in the information content of the system was selected and retained in the system.
B is substituted with the new A again. The second step was repeated, and the information
content of the remaining channels was calculated until all channels were covered. Finally,
according to the order in which the channels were added to the system, the information
content of the channels was also sorted from highest to lowest. In order to make the
calculation of channel information content statistically significant, the channel information
content calculated in this paper was the profile-averaged channel information content. The
profile set is composed of the 5000 datasets of NWPSAF introduced above. In the actual
calculation of channel information content, we found that the trend of channel information
content and channel ranking were the same for 5000 profiles and 200 profiles. Therefore, in
the end, we only used 200 profiles in the actual calculation for simplicity. These 200 profiles
were selected evenly among the 5000 profiles.

0 0
—~ 200 - —~ 200 -
© @
Q [oN
£ 400 A < 400
g Q
2 600 - 2 600 -
wn n
g g
& 800 - & 800 -

1000 - 1000 -

04 06 08 10 12 1.4 0.0 0.2 0.4 0.6
or (K) 0o (9/kg)

(a) (b)
Figure 3. Background error standard deviation for (a) temperature (¢r) and (b) humidity (o).

5. Information Content Analysis

According to the calculation scheme in Section 4, the total channel information content
gradually increases as the number of channels increase. Figure 4 shows the information
content of temperature and humidity against channel. The information content of tempera-
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ture increases relatively slowly with the number of channels, while the information content
of humidity goes up rapidly within the first 10 channels, and then becomes saturated. The
temperature analysis error is reduced throughout the atmosphere with respect to the back-
ground error covariance, and the standard deviation of the temperature error is reduced by
approximately 1.5% on average. The largest reduction is in the layer near 600 hPa by 2.4%.
The reduction of the humidity analysis error relative to the background error is located near
850 hPa and 500 hPa, with an average reduction of 17% and 12%, respectively (Figure 5).

: g6

g 0.6 4 g

o] O 51

5 :

kel = 4

204 i 4

E -

g 7

£ £

I— 02 T O 2 T
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Figure 4. Information content of (a) temperature and (b) humidity variation with the increase of
channel number.
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Figure 5. Analysis error standard deviation reduction in percentage with respect to the background
error for (a) temperature (Acr) and (b) humidity (Acp) at all 8 spectrum bands.

The nature of the sounding channel of a remote sensing instrument can be visualized
by its Jacobian function. It is generally the case that the larger the value of the Jacobian
function, the larger the contribution of the channel. The most commonly used temperature
sounding band is 60 GHz (V band), and the 118 GHz (F band), 183 GHz (G band), 229 GHz
(J band), 380 GHz (Y1 band), and 424 GHz (Y2 band) bands from its temperature Jacobian
function are found to be sensitive to temperature as well. The temperature and humidity
information content of each band is calculated (Figure 6). It is found that the V band has
the much more higher temperature information content, and the G band has a slightly
higher value. The rest of the bands almost have no contribution to the temperature. The
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high value channels of humidity information content are mainly at G band, V band, and Y1
band. In addition, the humidity information content of window channel 23.8 GHz, which
contributes significantly to the atmospheric bottom layer humidity, is bigger than those of
the rest of the bands.
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Figure 6. Information content of (a) temperature and (b) humidity at each spectrum band.

5.1. Information Content Contribution of 118 GHz

The band at 118 GHz (F band) is unique for MWHS-2 in FY-3C, FY-3D and FY-3E
satellites. So far, there is still a lack of in-depth study on the benefit to the atmospheric
sounding from F band. Using the information content, we can validate the relative con-
tributions of these channels, given our best knowledge of F band technology. Here, we
define a channel subset name as a group. Group 1 includes K/Ka band, V band, W band
and G band the same as those channels available from the other microwave payloads. The
second channels subset is named as group 2 which is group 1 plus F band. The temperature
information content is calculated to check the performance of the 118 GHz under clear sky.
Figure 7 shows the temperature information content increase about by 1% after adding F
band. The temperature analysis increments between 500 hPa and 850 hPa are improved
more obviously (Figure 7c). The humidity information content increment is also approxi-
mately 1%, mainly near at 850 hPa (Figure 8). So, the contribution of F band is limited. We
expect that the improvement may be more significant according to the combination effect
of temperature and humidity, which is not accounted for in this paper.
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Figure 7. (a) Temperature information content of group 1. (b) Group 1 + F Band. (c) The temperature
analysis increment (AoT) in percentage.
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Figure 8. (a) Humidity information content of group 1. (b) Group 1 + F band, and (c) The humidity
analysis increment (Acp) in percentage.

5.2. Information Content Analysis for Millimeter Wave Bands

J band, Y1 band, and Y2 band are in satellite mission plan of many countries because
good performance enhancement is expected from these bands. It is important to understand
their additional benefits for atmospheric sounding. The temperature information content
at these bands is not significant as analyzed before, which is represented in Figure 9a,c.
Figure 9b,d depicts the contribution of each band to humidity. We can see that band Y2
shows improved humidity in the bottom troposphere, while Y1 band shows improved
humidity above 500 hPa. The humidity error standard deviation is decreased by 8% at
most with band Y1, while more than 3% with band Y2. The contribution of band J is much
small compared with the other two bands and can be ignored.
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Figure 9. Temperature information content and the analysis increments at millimeter wave bands.
(a,b) the temperature and humidity information content respectively. (c¢,d) temperature (Acr) and
humidity analysis increments (Acg) in percentage at each band respectively.
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5.3. Impacts of the Observation Errors on the Information Content

As shown in Equation (1), channel information content is determined by the channel
Jacobian, background error and observation error. Two sources of observational errors
include instrument noise (NEdT) and radiative transfer simulations. In the last two columns
of Table 1 give the NEdT and radiative transfer simulation errors of each channel, which
comes from the consensus of previous studies. The errors of V band are increased with
respect to the error NEDT + RTM by 0.5 K, 1.0 K and 1.5 K when we analyze the variation
of the temperature information content at this band. The errors of F band and G band
are decreased with respect to the error NEDT + RTM by 0.5 K, 1.0 K, and 1.5 K when we
analyze the variation of the temperature information content at the two bands. Figure 10
depicts the influence of temperature information content on the variation of observation
error. The temperature information content at V band is very sensitive to the variation
of observation errors. The radiance error increases by 0.5 K, and the analysis increment
of temperature rapidly decreases from more than 1.5% to 0.4%. The original temperature
information content of F band is small, and not sensitive to the reduction of error. The error
of G band is reduced by 1K, the temperature analysis increment increases to 1.7%, and the
contribution to temperature becomes significant.
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Figure 10. (a) Temperature information content with respect to test 0, 1, 2, 3, which represent the
error increase of V band (red line) or decrease of F band and G band (green line and blue line) by 0,
0.5K, 1.0K, 1.5 K respectively. (b—d) The temperature analysis increment (Acr,) in percentage when
the error increase (red line) or decrease (green line and blue line) by 0 K, 0.5 K and 1.0 K respectively.
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The humidity information content of V band changes rapidly with the increase of
error. The error increases by 0.5 K, and the humidity information content decreases by
more than 5% (Figure 11). When the error of F band increases by 0.5 K, the humidity
information increment only decreases by 1%, and the humidity information increment of G
band decreases by about 0.5%. The humidity information increment decreases by more
than 1% for every 0.5 K increase in the error at F band and G band. The decrease at F band
is slightly faster. The humidity information content increase by 3% for every 0.5 K decrease
in the error at F band and G band (Figure 12).

The information content of the V band is sensitive to observation errors, so it is
important to maintain the high quality of the instrument. In this frequency band, if the
observation error increases by 0.5 K, it will not provide effective temperature information
content to the NWP, only humidity information. If the error of G band can be reduced
by 1.5 K, it will perform as good as the V band in temperature sounding. Because of the
low accuracy of the numerical model for atmospheric humidity simulation, even if the
observation error at F band and G band increases by more than 1.5 k, it still contributes
significantly to humidity.
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Figure 11. (a) The humidity information content with respect to test 0, 1, 2, 3, which represent the
error increase of V band, F band and G band by 0, 0.5 K, 1.0 K, 1.5 K respectively. (b—d) The humidity
analysis increment (Ao, ) in percentage when the error increase by 0.0 K, 0.5 K and 1.0 K respectively.
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Figure 12. (a) The humidity information content with respect to test 0, 1, 2, 3, which represent the
error decrease of F band and G band by 0, 0.5K, 1K, 1.5 K respectively. (b-d) The humidity analysis
increment (Acg,) in percentage when the error decrease by 0 K, 0.5 K and 1.0 K respectively.

6. Summary and Conclusions

In this paper, an information content of microwave to millimeter bands for atmospheric
sounding is assessed. The analysis focuses on the temperature and humidity information
content under clear sky conditions. The results of the analysis show that there is a significant
difference in the effect of the contribution of each band to the temperature and humidity.
This difference is mainly determined by a combination of the channel Jacobians and
the background errors of temperature and humidity. The channels with the greatest
temperature information content are mainly at V band, and those with the greatest humidity
information are located within V band, G band, and Y1 bands. The different peak heights of
the weighting functions of the channels lead to significant differences in the contributions
of the channels at different layers of the atmosphere. The contribution of F band is not
significant compared with the available channels in the current other payloads under the
clear sky conditions according to the information content analysis. The millimeter wave
channels at band J, band Y1, and band Y2 which have a higher spatial resolution, is suitable
for small satellites. The information content analysis at these bands shows their values
to humidity sounding. As a result, we suggest that the use of several high information
content bands at the V band, G band, and Y1 band should be focused on the assimilation
of clear sky radiation data in NWP applications. According to the analysis of impact of
observational error on the information content, we found that G band has a relatively large
humidity information content compared with those channels at other bands even with the
large observation errors.

The channel information content provides a quantitative estimate of the total contribu-
tion of each channel, while the analytical increments obtained in the channel information
content calculation provide a further quantitative estimate of the vertical distribution of the
channel contribution. In the instrument design phase prior to satellite launch, having the
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channel information content from NEdT of the instrument can effectively help in assessing
the benefits of the payload and can provide a useful reference for subsequent instrument
design and future applications. However, for a cloudy atmosphere, the analysis of the
channel information content is very complex, and the conclusions could be significantly
different from this work. Our further work will analyze the information content of mi-
crowave channels under cloudy and rainy conditions to fully evaluate the performance of
microwave instruments.
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