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CLOUDY CONDITIONS: METHODS AND IDEAL TESTS

DING Wei-yu (] f%E), WAN Qi-lin (Jj 55#K), ZHANG Chen-zhong (5K 1§ &), CHEN Zi-tong ([ 7-if),
HUANG Yan-yan (25 FHEHE

(Guangzhou Institute of Tropical and Marine Meteorology, China Meteorological Administration,
Guangzhou 510080 China)

Abstract: Clouds have important effects on the infrared radiances transmission in that the inclusion of
cloud effects in data assimilation can not only improve the quality of the assimilated atmospheric
parameters greatly, but also minimize the initial error of cloud parameters by adjusting part of the infrared
radiances data. On the basis of the Grapes-3D-var (Global and Regional Assimilation and Prediction
Enhanced System), cloud liquid water, cloud ice water and cloud cover are added as the governing
variables in the assimilation. Under the conditions of clear sky, partly cloudy cover and totally cloudy cover,
the brightness temperature of 16 MODIS channels are assimilated respectively in ideal tests. Results show
that when the simulated background brightness temperatures are lower than the observation, the analyzed
field will increase the simulated brightness temperature by increasing its temperature and reducing its
moisture, cloud liquid water, cloud ice water, and cloud cover. The simulated brightness temperature can
be reduced if adjustment is made in the contrary direction. The adjustment of the temperature and specific
humidity under the clear sky conditions conforms well to the design of MODIS channels, but it is
weakened for levels under cloud layers. The ideal tests demonstrate that by simultaneously adding both
cloud parameters and atmospheric parameters as governing variables during the assimilation of infrared
radiances, both the cloud parameters and atmospheric parameters can be adjusted using the observed
infrared radiances and conventional meteorological elements to make full use of the infrared observations.
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1 INTRODUCTION Using variational assimilation methods to
assimilate satellite radiation data directly is the trend in
satellite data assimilation. As opposed to the method of
assimilating retrieved satellite data, radiance data
assimilation can reduce intermediate processes,

The use of variational methods to assimilate
observational information in the field of atmospheric
sciences has a wide range of applications. These
methods play important roles in the analysis of

meteorological elements'" | atmospheric tracer gas[3],

and the carbon cycle[4], among others. Based on certain
objective criteria, variational assimilation methods can
integrate background and observational information to
obtain information that cannot be directly inferred from
observational data. For example, Li et al.”! used
Geostationary Operational Environmental Satellites
(GOES) radiation data to correct the first-guessed
cloud height and cloud cover through a
one-dimensional variational assimilation method. The
method is more accurate than the CO, slice method.
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including additional errors. As such, this method has
been used in numerous studies. Andersson et al.” used
a three/four-dimensional variational data assimilation
scheme to assimilate radiation data and improve wind
forecasts. Okamoto and Derber”’ assimilated SSM/I
radiation data in the NCEP global model. Numerous
studies have also been conducted in China. For
example, Wanglx] discussed the reasons for using direct
radiance data assimilation, rather than retrieved
satellite data assimilation, in numerical weather
prediction, the role of direct variational assimilations in
radiance data applications, and the adjoint method in
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variational data assimilation. Pan et al.”’ used an
incremental three-dimensional variational (3D-Var)
assimilation method to assimilate = Advanced
Microwave Sounding Unit-A (AMSU-A) brightness
temperature data and radiosonde data. They also
compared assimilation and forecast results from the
MMS5 mesoscale model. Zhang et al.l' used the Global
and Regional Assimilation Prediction System
(GRAPES) 3D-var system to assimilate ATOVS
radiation data directly and to improve track forecasts
on Typhoon Rammasun.

However, these numerous studies have failed to
consider the impact of clouds on the radiation process.
Instead, rejecting observations under cloudy conditions
have led to the use of satellite infrared data, which are
very limited in the tropics, during typhoons and
torrential rains. Some experiments using infrared data
assimilation under cloudy conditions have been
conducted. Thomas et al.!'! developed an observational
operator to be used in radiance assimilation under all
weather conditions. They used a radiative transfer
model, a gas extinction model, and a cloud model to
generate required information on the physical
quantities of clouds. GOES-9 brightness temperatures
were assimilated through the four-dimensional
variational assimilation system using this observational
operator, together with an improved surface-layer
cloud system simulation. Ding and Wan''? used fast
radiative transfer model for TOVS (RTTOV) to
simulate high-resolution infrared radiation sounder

(HIRS) observations on the spiral structure of typhoons.

Results showed that cloud parameters have a very
significant impact on the simulation. These studies
indicate that infrared radiation data have potential
applications under cloudy and extreme weather
conditions.

Errors in the numerical model simulation of clouds
exist. To a certain extent, the addition of cloud
parameters, as constants, to the assimilation system can
improve the assimilation effect. Errors of cloud
parameters affect the results of the atmospheric
parameters assimilation. Therefore, it is necessary to
include them as variables in assimilation systems.
Infrared data can retrieve the macro-characteristics of
clouds'™!. Initial errors of cloud parameters can be
reduced with the addition of cloud parameters as
variables to the assimilation system, and with the use
of infrared data to adjust them, thus improving the
assimilation of atmospheric parameters.
Moderate-resolution ~ imaging spectroradiometer
(MODIS) is one of the most distinctive instruments in
the Earth Observing System (EOS) Program
(1991-2013) of the United States. Its 16 infrared

channels are widely used in the retrieval of atmospheric
]

temperature, humidity profiles, and cloud parameters[14 .

MODIS-retrieved data play an important role in data
assimilation. For instance, the dataset of
Terra—-MODIS winds prepared by the Cooperative
Institute for Meteorological Satellite Studies (CIMSS)
at the University of Wisconsin-Madison markedly
improved the forecasting techniques of the European
Centre for Medium-Range Weather Forecasts
(ECMWF)™"!. No study on the assimilation of MODIS
radiance data under cloudy conditions has yet been
published. As MODIS has multi-channels and a wide
spectrum, research on MODIS radiance data
assimilation can provide a reference for other satellite
data assimilation.

In this paper, based on GRAPES 3D-Var
assimilation system and the characteristics of RTTOV,
cloud water content, cloud ice water content, and cloud
cover are included as the control variables of the
assimilation system. Ideal tests of assimilation are
conducted under clear sky, total cloud cover, and
partial cloud cover conditions. Moreover, to verify the
assimilation scheme, 16 MODIS channels are
assimilated in these tests.

2 ASSIMILATION SCHEME DESIGN

A variational data assimilation scheme is usually
defined as a cost function (J)

J(x) = % [ =x,) B (x=x,) + (H(x) - y,)" O (H(x) - y,)] (1)

where x is the analyzed variable, x, is the

background field, y, is the observed value, H is

the observation operator, B is the background error
covariance matrix, and O is the observation error
covariance matrix. The cost function (J) contains both
background and observational information. The data
are assimilated by calculating the minimum value of J
to determine the distribution of x. The analyzed field
contains background and observational information.
There are many types of observational data, and the
relationship with background elements may not be the
same. Hence, different observation operators can serve
as links between observations and the background field.
GRAPES 3D-Var uses RTTOV as an observation
operator to assimilate satellite radiation data directly.
RTTOV can convert conventional meteorological fields
to satellite brightness temperature or radiance,
establishing contact with satellite observations. This
article is based on the GRAPES 3D-Var system,
RTTOV, and the characteristics of MODIS data. It
uses the following schemes to adjust the GRAPES
3D-Var system.

Developed in the early 1990s by the European
Centers for Medium-Range Weather Forecast
(ECMWF) for the simulation of TOVS as a rapid
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radiative transfer model, RTTOV has been improved to
simulate a variety of infrared and microwave channels
of weather satellites. It is used to assess the Earth's
environment. The spectral range of RTTOV is 3-20
pum in the infrared channels and 10-200 GHz in the
microwave  channels®.  The top-of-atmosphere
upwelling radiance is written as

L(v,0)=(1-N)L(v,0)+ NL"(v,0) (2)
where v is the frequency of satellite observation, 6 is
the viewing angle, L and L are the clear sky

and fully cloudy top-of-atmosphere upwelling
radiances, respectively, and N is the fractional cloud
cover. For N, if the cloud cover parameter is set to zero,
the radiance will be computed for clear air. When the
cloud cover parameter is not zero, radiance will be
calculated above the cloud top and under clear
conditions based on the ratio of cloud cover. In the
preliminary work of our research!'”, RTTOV was used
to simulate the HIRS brightness temperature of
Typhoon Chanchu. Results showed that cloud
parameters strongly influence the simulation of infrared
brightness  temperature. MODIS channels for
meteorological observations belong to the infrared
channels. The original GRAPES 3D-Var system does
not take into account the impact of clouds when
assimilating infrared radiance, and rejects the data
affected by clouds. Therefore, according to the
radiance assimilation scheme of the GRAPES 3D-Var
system, the use of infrared data in the tropics or during
typhoons, rainstorms, and other extreme weather
conditions is limited. In this work, the numerical
simulation of cloud parameters is added to the
observation operator (RTTOV). This improves the
simulation of infrared brightness temperature and
enhances data utilization.

The GRAPES 3D-Var system consists of four
control variables: the mass field (temperature or
geopotential height), water vapor field (specific
humidity or relative humidity), and the U and V
components of wind. Taking into account the cloud
parameters (cloud water content, cloud ice content, and
cloud cover) in the process of assimilating satellite
infrared radiance, clouds play a very important role.
Initial cloud parameters may not be accurate if they are
used as constants, and their errors may affect the
analyzed temperature, water vapor, and other physical
elements. It is necessary to adjust cloud parameters in
the process of satellite radiance data assimilation.
Research has confirmed the impact of initial cloud
parameters on numerical simulation. Cloud parameters
are adjusted reasonably by satellite radiance
assimilation and by improving the initial field.
Atmospheric and cloud parameters can be added as
variables to RTTOV, the tangent linear model, and the
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adjoint model. In this work, cloud water content, cloud
ice content, and cloud cover are added to the GRAPES
3D-Var system as control variables, together with the
four control variables (i.e., temperature, specific
humidity, and the U and V" components of wind), giving
rise to seven control variables in the new assimilation
system.

Observation errors arise from both the MODIS
and RTTOV simulations; hence, the maximum
simulation error for HIRS by RTTOV is approximately
2.5 K. HIRS and MODIS sensors belong to infrared
sensors with similar spectral range, and RTTOV
simulates HIRS and MODIS sensors through a similar
scheme; hence, this article chooses 2.5 K as the
MODIS sensor’s observation error. Background errors
are defined by the NMC method, and the background
error for cloud water content, cloud ice content, and
cloud cover are defined by 20% of their values. There
are two considerations when setting the background
errors of cloud parameters. First, according to the cloud
cover simulation error analysis conducted by J akob!'
for the ECMWF, the average simulation error is
approximately  10%—-15%. Second, Park and
Droegemeier!'” used a 3D cloud model to investigate
the sensitivity of variational data assimilation and
forecast error for a supercell storm. The cost function
was found to be most sensitive to temperature, followed
in turn by pressure, water vapor, and cloud water. The
first three variables exert strong impact on the cost
function. The impact of cloud parameter errors on the
cost function is smaller than that of other atmospheric
parameters; hence, background errors of cloud
parameters in this paper are defined according to Jakob.
The exact background field errors of cloud parameters
are needed for further analysis.

3 DATA DESCRIPTION AND FORWARD
MODEL SIMULATION

MODIS measures biological and physical
processes on a global basis. The instrument provides
long-term observations from which we enhance our
understanding of global dynamics and processes
occurring at the Earth’s surface and at the lower
atmosphere. =~ MODIS  sensors  have  many
meteorological channels, similar to HIRS, AVHRR,
etc., which are widely used in the retrieval of
temperature and humidity profiles. Compared with
other satellite sensors, MODIS sensors have features
such as (1) wide spectral ranges (36 channels), (2)
three kinds of spatial resolution (250, 500, and 1 km),
(3) 24-h continuous observation, and (4) a wide
observing angle, viewing the entire Earth's surface
every two days. MODIS sensors have 16
meteorological channels. These channels are used for
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the observation of atmospheric temperature, humidity,
water content of cirrus vapor, cloud top height, and
ozone (see Table 1). RTTOV can simulate the 16
meteorological channels.

In this paper, NCEP 1°x1° reanalysis data are used
as the initial field and boundary fields. The Weather
Research and Forecasting (WRF) model is used as the
forecasting model, with 15 km resolution. The
experiment starts at 0000 UTC (Coordinated Universal
Time) on 26 May 2007. The 6-h forecast fields (i.e.,
0600 UTC on 26 May) are used as the background
fields for assimilation. Background information
includes temperature, specific humidity, U and V' wind
field, cloud water content, cloud ice content and cloud
cover, surface type, surface temperature, surface
pressure, 2 m temperature, 2 m specific humidity, 2 m
wind, cloud top pressure, and total cloud cover. The
WRF model is designed with a horizontal resolution of
15 km, containing 31 vertical levels. The model uses a
single-moment 5-class scheme for cloud micro-physical
parameters. This scheme takes into account water
vapor, cloud water, rainwater, cloud ice, and snow.
Water and ice may coexist. This scheme can provide
3D forecast fields for cloud water content, cloud ice
content, and cloud covert'?. The determination of cloud
base and top, as well as the total cloud cover, is found
in Ding and Wan!'?.,

The observational operator plays a very important
role in variational assimilation systems. The key
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problem of this article is whether RTTOV in the
GRAPES 3D-Var system can simulate the MODIS
brightness temperature under cloudy conditions. Some
successful domestic and international experiences on
infrared brightness temperature simulation using
RTTOV have taken into account the cloud parameters
simulated by cloud models or mesoscale models.
Preliminary work precedent to this article has
successfully simulated the infrared brightness
temperature distribution of Typhoon Chanchu observed
by HIRS sensors using RTTOV. This paper follows the
technical details of the preliminary work to improve the
brightness temperature simulation of MODIS sensors.
The WRF model is used to simulate atmospheric and
cloud parameters, and RTTOV is used to simulate the
MODIS brightness temperature.

At 0540 UTC on 26 May 2007, the AQUR
satellite took scans through the Guangdong region.
MODIS has 110 335 observation points in the study
area (15°-35°N, 105°-125°E). The atmospheric and
cloud parameters at 0600 UTC on 26 May are
simulated by the WRF model and by NCEP data
starting 6 hours earlier. Figure 1 shows the distribution
of simulated total cloud cover. A cloud system is
evident from southwest to northeast in the south of the
country.
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Fig. 1. Total cloud cover simulated by WRF model for 0600 UTC on May 26, 2007 (a); FengYun-2C IR-1 radiance observation (b)

Compared with the FY-2C satellite IR1 channel
radiance observation at the time, the WRF model can
roughly simulate the distribution of cloud systems;
however, there are still some errors in the sea area and
Fuyjian province.

Brightness temperature of each of the 16 MODIS
channels listed in Table 1 is simulated by RTTOV in
the study area. To compare simulation results, two
simulation schemes are used. Atmosphere and cloud
parameters are added to RTTOV in the first experiment,

while cloud parameters are not included in the second
experiment, similar to the observational operator in the
GRAPES 3D-Var system. Correlation analysis of the
simulated and observed brightness temperature (Table
2) reveals that the correlation coefficients in Exp. 1 are
significantly larger than those in Exp. 2 for the 16
channel simulations. This shows that the new
simulation scheme is better than the original in the
GRAPES 3D-Var system. Channel 29 is designed to
observe cloud properties; hence, the simulation of
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Channel 29 in Exp. 1 is obviously better than in Exp. 2.

Figure 2 shows the observed Channel 29 MODIS
brightness temperature and the simulation in Exps 1
and 2. Figure 2 shows that the simulated brightness
temperatures in Exp. 2 are higher than observations in
cloudy areas; however, it cannot reveal the weather
systems in southern China. Due to the distinction
between simulated and observed  brightness
temperature in cloudy regions in Exp. 2, the
observational operator cannot be used. This explains
why infrared radiance data under cloudy conditions
were rejected in the original GRAPES 3D-Var system.
Weather systems can easily be found in simulated

1. The simulated brightness temperature is close to the
observation under cloudy conditions. However, this
experiment cannot reflect the extremely low values of
brightness temperature in Guangdong province, mainly
because of the atmospheric and cloud parameters
distribution simulated by the WRF model. The second
part of this work adjusts the brightness temperature of
the atmospheric and cloud parameters distribution in
Guangdong through MODIS assimilation to improve
rain and storm forecasts. Other channel simulations are
similar to Channel 29. They improve simulations under
cloudy conditions in Exp. 1, increasing the strength of
correlation between observation and simulation.

Channel 29 brightness temperature distributions in Exp.

Table 1. Characteristics of some MODIS channels and their primary use (bandwidth unit: pm)

Channel 20 21 22 23
bandwidth 3.660~3.840 3.929~3.989 3.929~3.989 4.020~4.080
Primary Use Surface/Cloud Temperature
Channel 24 25 27 28
bandwidth 4.433~4.498 4.482~4.549 6.535~6.895 7.175~7.475
Primary Use Atmospheric Temperature Cirrus Clouds Water Vapor
Channel 29 30 31 32
bandwidth 8.400~8.700 9.580~9.880 10.780~11.280 11.770~12.270
Primary Use Clouq Ozone Surface/Cloud Temperature
Properties
Channel 33 34 35 36
bandwidth 13.185~13.485 13.485~13.785 13.785~14.085 14.085~14.385
Primary Use Cloud Top Altitude
Observed Simulated with cld  Simulated ClearSky
- = 3aN

38N 3 35N

it -

30N 1%

23N

B b MY £ (5
lose  t1oE  15E 115F  120F 12580105 10E 1155 130E  10F
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260 288 274 279 283 2B8 288 289 241 282 294
Fig. 2. Brightness temperature observed by a MODIS sensor at channel 29 at 0540 UTC on 26 May 2007 (a); simulated by Test 1
(b); and Test 2 (c). (unit: K)

Table 2. Correlation coefficients between simulation and observation in Exps. 1 and 2 (sample size: 110 335)

Channel 20 21 22 23 24 25 27 28 29 30 31 32 33 34 35 36
045 0.14 043

Exp. 1 042 0.57 0.44 045 039 040 040 038 038 045 049 052 0.64

Exp. 2 0.27 0.01 0.12 0.09 0.43 0.14 037 025 0.09 0.13 0.12 0.14 0.22 0.27 0.31 0.50

4 DATA ANALYSIS AND SINGLE POINT
IDEAL TESTS

model output for the ideal tests: Point A (18°N, 113°E)
in clear sky, Point B (23°N, 113°E) in total cloud
coverage, and Point C (28°N, 113°E) in partial cloud

Three points have been selected from the WREF coverage. The profiles of temperature, humidity, cloud

PDF created with pdfFactory trial version www.pdffactory.com n



http://www.pdffactory.com

318

Journal of Tropical Meteorology

Vol.16

water content, cloud ice water content, and cloud cover
of the three points are shown in Fig. 3. At these points,
the temperature profiles are similar. However, humidity
profiles vary. For example, the specific humidity
between 850—300 hPa at Points B and C is greater than
that of Point A because of cloud cover. Point B is
completely covered by clouds (with cloud ice) between
500-100 hPa. Clouds at Point C are located in

300-100 hPa and 925-700 hPa, and cloud cover does
not exceed 1. There is cloud ice water at higher levels
and cloud water at lower levels at Point C; however,
cloud ice water content is an order of magnitude lower
than at Point B. Single-point assimilation tests are
conducted at the three points to reveal the impact of
MODIS radiance data on the atmosphere and clouds
under different cloud coverage conditions.

T Profile Q Profile
100 : 100{E g
200 20019 -
3004 3004 & -
4001 40074
500+ 500
800 600 -
7001 700
800 1 004 -
a0a- 004
R T R Ty TR
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3004 - 30018 3004 ¢
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Fig. 3. Profiles of temperature, specific humidity, cloud water content, cloud ice content, and
cloud cover in the backgrounds of the three single-point tests

The definition of the initial difference between
simulated brightness temperature and observation is as
follows:

AT = H(x,)—Tbb,,, 3)

where i is RTTOV, X, is the background field (such

as temperature, specific humidity, surface type, surface
temperature, surface pressure, 2 m temperature, 2 m
specific humidity, 2 m wind, cloud water content, cloud
ice water content, cloud cover, cloud top pressure, and
total cloud cover; specific details are found in Ding and

Wan'"), and Thb, is brightness temperature

observed by MODIS. If the initial brightness

temperature difference is defined, the observed MODIS
brightness temperature is calculated according to Eq.
(3). AT has a direct impact on the results of
assimilation when the background and observation
errors are defined in the cost function. In order to
increase comparability between the different ideal
experiments, the initial A7 is set to be the same as
that shown in Table 3 at each observation point for all
the channels. The simulated brightness temperature at
each channel is 5 K lower than that observed under
clear and partly cloudy conditions, and 5 K higher than
that observed under totally cloudy conditions.

Table 3. Initial difference in brightness temperature between background field simulation
and observation for ideal tests (unit: K)

Clear sky (Point A)

Total cloud cover (Point B)

Partial cloud cover (Point C)

-5 -5

5

4.1 Clear sky conditions

Point A (18° N, 113° E) is located in the sea area
and is under clear sky conditions, where cloud water
content, cloud ice content, and cloud cover are zero.
The radiative transfer model only takes into account the
upward atmospheric radiation in the clear sky
according to the following equation:

LV (v,0)=1,(v,0)e,(v,0)B(v,T,)
BW,T)

2
T

“4)
d

+£_B(V,T)dr +(1—gs(v,9))rf(v,9)f_

where 7 is the surface to space transmittance, & is

the B(,T) is the Planck

function for frequency (v) and temperature (7), and 7
is the transmittance. When the other parameters are
unchanged, the radiance observed by satellite is related

surface emissivity,
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to the vertical distribution of the Planck function and
atmospheric transmittance, which are directly related to
the distribution of atmospheric temperature and
absorbing gases. The main absorption gases for the 16
infrared channels listed in Table 1 are water vapor,
CO,, and ozone. The features of each channel vary
widely, and can be used to observe specific physical
variables at different altitudes. The only absorption gas
considered in this paper is water vapor, which is
provided by the WRF model simulation. Other
absorption gases, such as CO, and ozone, are provided
by the standard profiles of RTTOV. Therefore, the
assimilation of MODIS radiance in clear sky only
influences atmospheric temperature and humidity
profiles. The brightness temperature of the 16 MODIS
infrared channels is assimilated, which is 5 K higher
than that from background simulation (see Table 3).
After assimilation, air temperature increased and

100 —+— CH20

—O0— CH21
200

—e— CH22
300 —O— CH23
—#— CH24

400

—x— CH25

500 —0— CH27

—a— CH28
600
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800

900

1000

1001 —+— cH20

—o0— cH21
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—=8— CH22
300 —0— CH23
—=— cH24
4001 —— GCH25
500 —o— GH27
—a— cH28

6001

700

8001

9001

1000 T
-0.002 -0.001

specific humidity decreased to some extent (Fig. 4).
According to Planck's law, atmospheric emissions are
enhanced while air temperature increases, leading to a
higher satellite-observed brightness temperature. The
decrease in humidity reduces the absorption of moisture
that can also raise satellite-observed brightness
temperature. This shows that the brightness
temperature difference is reduced by the process of
increasing temperature and deceasing humidity after
radiance assimilation, thereby achieving the purpose of
data assimilation. The contributions of each channel to
temperature and specific humidity vary; however, the
characteristics of their distribution are similar with the
MODIS weighting functions, which are designed for
temperature and humidity observation (see Seemann et
al.l"™). This indicates that assimilation results agree
with the features of MODIS sensors.

100 —+— CH29

—O0— CH30
200

—e— CH31
300 —O— CH32
—=— CH33
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—x—— CH34
500 —0— CH35
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—A— CH36

800
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800

900

1000
=0

Fig. 4. Changes in temperature (a, b), and specific humidity (c, d) after MODIS radiance
assimilation under clear sky conditions

The difference between simulated and observed
brightness temperature is reduced for all 16 channels
(see Table 4). Maximum reduction is produced after
assimilating the radiance of Channels 27 and 28. A
comparison of the changes in temperature and specific
humidity profiles shows that Channel 27 has the
greatest influence on temperature changes, which are
mainly located near 300 hPa. Moreover, Channel 28
has a significant impact on 400—-500 hPa temperatures.
The two channels have more influence on 400-500 hPa
specific humidity than other channels. Increasing and
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decreasing high-level temperature and humidity lead to
significant increases in brightness temperature. The
main absorption gas of Channels 27 and 28 is water
vapor. The purpose of designing these channels is to
observe water vapor content in cirrus clouds; hence,
they will have significant impact on high-level
temperature and humidity after assimilation, which
agree with their properties. Channel 29 is also used for
water vapor observation; however, according to its
weighting function, its observation level is lower than
Channels 27 and 28. As such, the levels of its
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adjustment are also relatively low, agreeing with its
design features. Channels 31 and 32 are window
channels, and they can be used to observe surface
elements. Thus, they have significant impact on

humidity after assimilation, which agree with their
characteristics.

low-level atmospheric temperature and specific
Table 4. Difference in brightness temperature between field simulation and
observation under clear sky conditions (unit: K)

Channel 20 21 22 23 24 25 27 28
AT 493 -494 -494 -493 472 -476 -292 -3.19

Channel 29 30 31 32 33 34 35 36
AT -431 -447 373 -337 -4.06 -446 -458 -4.43

Difference in brightness temperature slightly above the cloud top; hence, the system can only adjust

decreased after assimilating Channels 20 to 23, and the
temperature and specific humidity profiles showed little
change (see Fig. 4). Due to the spectrum located on the
overlap area of the Sun and the earth-atmosphere
radiation system, the radiance received by these
channels at daytime consists of the scattering of solar
radiation and emission from the earth-atmosphere
system, where solar radiation scattering accounts for
the most part. Changes in atmospheric temperature and
small particles in water vapor have little effect on the
scattering of solar radiation under clear sky conditions;
hence, impact on temperature and humidity in
assimilation is slight.

Water vapor is not the only absorption gas of other
channels. For example, the absorption gas of Channels
24, 25, and 33-36 is CO,, and the absorption gas of
Channel 30 is ozone. Although changes in temperature
and specific humidity profiles are confirmed with the
distribution of weighting function (see Seemann et
al.!"), they need to be further studied. In this paper,
CO; and ozone use standard profiles in RTTOV, which
affect temperature and humidity adjustment.

4.2 Total cloud cover conditions

Point B (23° N, 113° E) is located on land, where
clouds are mainly located in 500-100 hPa. The
maximum cloud cover is equal to 1, and there are cloud
ice at high-level.

Assuming black and opaque clouds at a single
level, the simulation of cloud-affected radiances is
defined as

L (v,0) = 10, (v.0)B(. T, ) + | Bw.T)dz (5)

where 7.,(v,0) is the cloud top to space

transmittance and 7, is the cloud top temperature.

The dielectric properties of water and ice are calculated
following Liebe!"™ and Smith and Shi''”, respectively.
They have a consistent random overlap scheme
(Raisanen”) for clouds. When the observation points
are completely covered by clouds, radiations received

by the satellites mainly come from the gray clouds

cloud parameters and parameters in this part of the
atmosphere directly after assimilation. However,
variables in the 3D variational assimilation system are
not independent in the vertical direction, but are
influenced by background error covariance matrix.
This ensures the consistency of physical variables in
the vertical direction. Therefore, according to GRAPES
3D-Var system design, when atmospheric and cloud
parameters are adjusted above the cloud top, their
impact will spread downwards because of background
error covariance.

After each channel assimilation, temperature
increases, while specific humidity, cloud cover, and
cloud ice water content decrease (Fig. 5). According to
the foregoing analysis, the increase in temperature and
the decrease in specific humidity increase the simulated
brightness temperatures. Meanwhile, the decrease in
cloud cover and cloud ice water content lowers cloud
top height, leading the satellite to receive more
low-level cloud radiation. Moreover, it increases
simulated brightness temperatures. This change of
atmospheric and cloud parameters eventually increases
the simulated brightness temperature, reducing the
difference between the observed and simulated
brightness temperature.

Channels 27, 28, 35, and 36 have significant
impact on temperature, cloud cover, and cloud ice
water content near the cloud top. Meanwhile, Channels
27 and 28 adjust cloud specific humidity, which is
related to their design properties (see Fig. 5). The point
is completely covered by clouds. As such, temperature,
cloud ice water content and cloud cover adjustments
are mainly located near the cloud top. As they descend
from the cloud top, these adjustments will quickly be
weakened. However, specific humidity incrementally
increases with height reduction. This can be explained
by background error covariance. The background field
in this experiment does not include cloud water content.
Cloud water content in the analyzed field is unchanged
after assimilation.

Table 5 shows that AT is reduced after
assimilation, and the degrees of reduction are higher
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than under clear sky conditions. This is mainly due to
the adjustment of temperature, cloud ice water content,
and cloud cover near the cloud top.
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Fig. 5. Changes in temperature (a, b), specific humidity (c, d), cloud ice water content (e, f), and cloud cover (g, h) after the
MODIS radiance assimilation under total cloud cover conditions

Table 5. Difference in brightness temperature between field simulation and observation under total cloud cover conditions (unit: K)

Channel 20 21 22 23 24 25 27 28
AT -2.52 244 244 244 -33 -1.39 276 2.3

Channel 29 30 31 32 33 34 35 36
AT -1.56  -1.74  -1.32 -128 -1.56  -1.81 -2.17 -3.33

AN
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4.3 Partial cloud cover conditions

Point C (28°N, 113°E) is located on land, where
clouds are mainly located at 300-100 hPa and
925-700 hPa. The maximum cloud cover is less than 1.
Cloud ice water content exists at high levels and cloud
water content exists at low levels. RTTOV considers
clouds as gray bodies (Morcrette)™].  With the
assumption of multi-gray clouds, RTTOV converts
radiation calculation for semi-transparent clouds to
linear accumulation of clear sky and black-body
radiation. In the first two experiments, background
simulated brightness temperatures are lower than the
observations. However, in this experiment, background
simulated brightness temperatures will be 5 K higher
than the observations in order to examine the
assimilation scheme wunder partial cloud cover
conditions.

Results show that temperature is decreased, while
specific humidity, cloud water content, cloud ice water
content, and cloud cover are increased (Fig. 6). Such
adjustments decrease the simulated brightness
temperature, thereby reducing the differences with
observed brightness temperature. Characteristics of the
vertical adjustment of temperature are similar to that
under clear sky conditions, except for the contrary sign.
Channel 27 has the maximum adjustment near the
cloud top. The specific humidity adjustment is also
similar to that under clear sky conditions, but the order
of magnitude is smaller. Channels 27 and 28 have
significant impact on 500 hPa specific humidity. These
characteristics of temperature and specific humidity
adjustment show that, under partial cloud cover
conditions, low-level atmospheric radiation is
transmitted upwards through cloud gaps. Low-level
atmospheric parameters can be adjusted after MODIS
radiance assimilation under partial cloud cover
conditions, which are similar to clear sky conditions.
Temperature and specific humidity adjustments at low
level are small, compared with adjustments under clear
sky. This indicates that cloud cover weakens the effects
of satellite data assimilation (Table 6).

To certain degrees, cloud water content, cloud ice
content, and cloud cover increase because Channels 23
and 24 have significant impact on cloud water content.
There are some distinguishing features of cloud
parameters adjustment. For instance, the locations are
near clouds, and all channels have similar impact on
cloud ice water content, which is greater than cloud
water content. High-level and low-level clouds increase
at different degrees; Channels 20, 21, 22, and 23 have
greater impact on low-level clouds. Adjustments in
cloud parameters are consistent with their design
properties.

By comparing the simulated brightness
temperature with observations, it is found that the
simulations are improved in all channels. Channels 27
and 36 have the biggest improvements.

5 CONCLUSIONS AND DISCUSSION

Satellite infrared radiance observations are
sensitive to cloud parameters. If the impact of clouds is
not taken into account, the radiative transfer model
cannot simulate brightness temperature successfully.
This leads to the ineffective assimilation of infrared
radiance into the initial field of numerical models. In
this paper, based on the GRAPES-3D-var system and
the characteristics of RTTOV, cloud liquid water,
cloud ice water, and cloud cover are added as
assimilation variables. Under clear sky, partial cloud
cover, and total cloud cover conditions, the brightness
temperatures of 16 MODIS channels are respectively
assimilated through ideal tests. The results of the ideal
tests are as follows:

(1) When the background simulated brightness
temperature is lower than the observed temperature, the
analyzed field raises the temperature and reduces the
moisture, cloud liquid water, cloud ice water, and cloud
cover to increase the simulated brightness temperature.
A contrary direction adjustment reduces the simulated
brightness temperature.

(2) Adjustments in the temperature and moisture
under clear sky conditions coincide well with the
design of MODIS channels.

(3) Under cloud cover conditions, temperature
adjustment is mainly located above the clouds. The
impact can spread to lower levels under partial cloud
cover conditions. Adjustments in specific humidity are
mainly located at the middle and low levels. The
impact is largest under clear sky conditions, which
declines with the increasing presence of clouds. Cloud
parameter adjustments are closely related to
background cloud structures; an increase in high-level
cloud cover reduces cloud parameter adjustments at
lower levels.

(4) Under cloud cover conditions, the 16 MODIS
channels have similar impact; Channels 27 and 36 have
the greatest impact.

Under total cloud cover conditions, adjustments in
physical variables under the clouds depend on the
vertical distribution of background error covariance as
well as the cross spectrum. A reasonable background
error definition can lead to coherence in the
assimilation results in vertical direction. Results of this
paper agree with the features of the MODIS sensor and
the law of meteorology. However, a better scheme may
exist, which must be found in the future.
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Table 6. Difference in simulated and observed brightness temperature under partial cloud cover conditions (unit: K)
Channel 20 21 22 23 24 25 27 28 29 30 31 32 33 34 35 36
AT 493 493 493 493 476 49 287 424 488 481 482 477 451 433 406 28
laXatal
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