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ABSTRACT

To estimate mesoscale variations in integrated water vapor, cloud liquid water, and temperature in a tropical
region, multiwavelength microwave radiometric observations were carried out over a seven-week period on the
island of Saipan during the 1990 Tropical Cyclone Motion Experiment. Methods to combine radiometric and
ceilometer measurements were developed to improve both the retrieval accuracies of integrated water vapor
and liquid water. The rms difference between the retrieved and radiosonde-measured integrated water vapor
was 6% relative to the mean. Compared to radiosondes the temperature profiles retrieved using a linear statistical
inversion technigue were accurate to 1,28°C. However, since the radiometric temperature profiles were no
more accurate than profiles obtained from climatology, the surface-based radiometer provided essentially no
new information regarding the environmental temperature profiles.

1. Introduction

During the 1990 Tropical Cyclone Motion Experi-
ment (TCM-90), a ground-based nine-channel micro-
wave radiometer was operated on Saipan, located in a
tropical region (15°N, 145°E} in the west-central Pa-
cific Ocean. It was sited there to provide mesoscale,
high-temporal-resolution temperature, water vapor,
and cloud liquid water measurements. Collocated with
the radiometer were a number of other remote sensing
and in situ observational instruments. To our knowl-
edge it was the first time that such comprehensive
ground-based microwave radiometric observations
were made in a tropical region. Thus, one objective of
this experiment was to find both the utility and limi-
tations of ground-based microwave radiometric mea-
surements in the tropics, We now know that these ob-
servations show some characteristics that differ sub-
stantially from similar measurements recorded at
midlatitudes. For example, statistical analyses showed
that the local climatological variations of tropospheric
temperature were comparable to the radiometric re-
trieval errors typical of midlatitude measurements.
Since temperature profile retrieval requires additional
temperature information as constraints, usually from
an a priori temperature profile ensemble, a practical
question arises as to whether or not surface-based ra-
diometers will ever be able fo provide temperature
profile measurements with accuracies better than those
that could be estimated from the climatology.
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During the past decade studies examining the com-
bined use of ground-based microwave radiometric
measurements with those from other remote sensing
instruments have showed some encouraging prospects
(Westwater et al. 1983; Westwater et al. 1984). The
use of combined instruments provides new information
to determine the atmospheric variables and, therefore,
the accuracy and resolution are improved over those
using a radiometer only. Measurements from a radi-
ometer and a ceilometer were combined in this exper-
iment to derive the integrated water vapor and cloud
liquid water so thai the accuracies were improved. In
this paper the experiment description is given in section
2; methods and results in retrieving integrated water
vapor and cloud liquid water from combined mea-
surements are presented in section 3. In section 4 the
limitations of temperature profile measurements are
discussed, foliowed by conclusions in section 5.

2. Experiment description

The TCM-90 experiment was conducted from 1
August t0o 21 September 1990. The microwave radi-
ometer was instalied adjacent to the Saipan Interna-
tional Airport. Also at the same site was one of the
NOAA/ERL/AL (Nationa! Oceanic and Atmospheric
Administration /Environmental Research Laboratory/
Aeronomy Laboratory) 50-MHz wind profilers. Other
instruments included a ceilometer and a solar and IR
radiometer provided by The Pennsylvania State Uni-
versity (PSU), a 215-MHz wind profiler and a set of
baseline surface observation instruments (NOAA/
ERL/AL), and an Australian radiosonde receiver de-
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veloped by the Bureau of Meteorology Research Centre
(BMRC).

The newly developed nine-channel microwave ra-
diometer is one of the components of PSU’s large in-
tegrated ground-based profiling system (Thomson
1988). It has been assembled to provide continuous
remote sensing of atmospheric variables, such as tem-
perature, humidity, wind, and cloud parameters. The
radiometer was designed and assembled jointly by fac-
ulty and students at PSU and in the department of
clectrical and computer engineering of the University
of Arizona. A block diagram of the radiometer system
is shown in Fig. 1 and the system specifications are
listed in Table 1, The integrated nine-channel radi-
omcier system consists of four electronically similar
and indcpendent radiometer subsystems mounted in
the same 17" X 18” X 32” enclosure, an IBM PC-AT
personal computer, four microprocessor-based con-
trollers, which serve as interfaces between the various
radioimeter subsystems and the computer, and a steer-
able reflector. The system is portable.

The four radiometer subsystems are all of the Dicke-
switching type. Two reference loads in each subsystem,
one at a temperature of 318 K and the other at 418 K,
are used for system gain calibrations. Multichannel
operation is realized by using several Gunn oscillators.
Radiometer 1 and radiometer 2, each having three
channels, operate at six frequencies located in the 60-
GHz oxygen absorption band. Radiometer 2 operates
at 31.65 GHz in a “window” region, and radiometer
3 operates at 22.235 and 24.1 GHz in the 22.235-GHz
water vapor absorption band. The four microcontroll-
ers, cach consisting of two 12-bit A/D (analog to dig-
ital) convertors, a digital signal processor (DSP), and
a single board computer (SBC) are responsible for the
frequency selection and the sampling of the three ra-
diation sources (antenna and two reference loads) as
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well as various physical iemperature measurements in
the radiometer subsystems. All samples are averaged
by the microcontrollers before being sent to the host
computer. The host computer controls and commu-
nicates with the microcontrollers. The data received
by the computer are further processed, and then stored
and displayed in real time on the monitor screen in
both graphic and tabular forms. The host computer
also controls the steerable reflector. The reflector, a
solid aluminum plate, is canted at 45° on an axle driven
by a microstepping motor. It directs the sky radiation
to the radiometer. The radiometer is usually positioned
in an air-conditioned environment, horizontally
pointing through a low-loss Teflon window to the re-
flector. The steerable reflector simplifies performing
measurements of the radiometric brightness temper-
ature as a function of zenith angle, that is, performing
“tipping curves,” so that the atmospheric information
from slant paths can be obtained. This scanning ca-
pability thus provides a means by which those channels
with low atmospheric attenuations can be calibrated.

During the TCM-90 experiment, the system oper-
ating mode was set such that each recorded radiation
datum was an average of 2048 samples and, thus, a
temporal resolution of 13 s. These data were later fur-
ther averaged over 5 min. The six high-frequency
channels (oxygen channels ) were field calibrated using
radiosonde profiles, a radiative transfer model (Liebe
1985), and a blackbody absorber. The three low-fre-
quency channels (vapor-liquid channels) were cali-
brated using the tipping curve measurements at several
elevation angles (Hogg et al. 1983). Both calibrations
were accomplished under relatively clear sky condi-
tions. To ensure that the two kinds of calibrations were
consistent, the calibrated brightness temperatures from
the vapor-liquid channels on the clear sky conditions
were compared with those calculated from the radiative

RADIOMETERS DATA PROCESSING HOST COMPUTER
CONTROL BOX
RADIOMETER 1
C 50.44, 52.97, 54.23
REFLECTOR . GHz \ AD
DSP, SBC PORT1
RADIOMETER 2 —
\ 31.65 GHz DSP, SBC PORT 2
RADIOMETER 3 AD
ﬁ T _— PORT 3
L\ 22,235, 24.1 aHz DSP, SBC
: AD
RADIOMETER 4 / DSP, SBC PORT 4
54.87, 58.6, 61.15
GHz

FI1G. 1. Radiometer system block diagram.
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TABLE 1. Radiometer system specifications.

Radiometer |

Radiometer 2 Radiometer 3 Radiometer 4

Frequency (GHz) 50.4, 53.0, 54.2
Antenna beamwidth (deg) 5.0

First sidelobe level (dB) 25
Intermediate frequency bandpass (MHz) 10-205

System noise temperature (K) 1557.9

System sensitivity (K) 0.319

31.7 222,241 54.9, 58.6, 61.2
5.0 5.0 5.0
20 22 26
10-215 10-215 10-215
541.2 463.4 1643.4
0.092 0.108 0.329

transfer model and radiosonde profiles. There was no
serious systematic bias.

The ceilometer (Albrecht et al. 1990) used to mea-
sure the cloud-base height is an active sensor that uses
a low-powered gallium arsenide laser diode operating
at a wavelength of 0.904 um. The pulse repetition rate
varies between 620 and 1120 Hz in order to maintain
a constant averaged power. The cloud-base height with
temporal and spatial resolutions of 30 s and 15 m,
respectively, is obtained from an averaged return power
profile. To match the 5-min-averaged radiometric data,
the measurements of cloud base heights were also av-
eraged over 5 min.

Radiosondes were routinely launched twice a day
but increased to four times a day during several inten-
sive observational periods (IOPs). The BMRC group
launched a total of 125 radiosondes at Saipan during
the TCM-90 experiment. Among them, 113 balloons
reached a height above 400 mb and 105 ascended to
over 100-mb pressure altitude. A balloon took about
27 min to arrive at the 400-mb level and about 30 min
more to reach 100 mb.

A serious impediment to reliable system operation
during the experiment was the local AC power supply
for the site. Not only was it unstable, it often suddenly
switched off and on without warning. This off-on op-
eration seriously compromised the radiometer’s op-
eration and the problem was not solved until August
15 when a battery backup was installed. Another prob-
lem was contamination of the 54.9-GHz channel by
radiofrequency from some unknown external source.
None of the data recorded on this channel was used
for inversion purposes. Continuous operation of the
radiometer and ceilometer were interrupted only by
the above mentioned ac power problem and for a few
minutes each day for archiving and data analysis.

June to October is the rainy season on Saipan. Dur-
ing the entire TCM experiment, the sky consistently,
day and night, had scattered convective clouds, moving
with the prevailing wind. Intermittently, tropical storms
with organized rainbands brought heavy rain. Because
of the oceanic regulation and high moisture content,
the variations of the low-level air temperature were
very small compared to those typically observed at
midlatitudes. Figure 2 shows the mean and standard
deviation of the temperature profiles from the radio-
sondes launched at Saipan during this experiment. The

overall standard deviation (i.e., the average of the stan-
dard deviation at each level) below 400 mb was only
0.9°C. The mean and standard deviation of humidity
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profiles are also shown in Fig. 2. The integrated water
vapor derived from these profiles had an average of
5.7 cm with a standard deviation of 0.56 cm.

3. Determination of integrated water vapor and cloud
liquid water from combined radiometric and
ccilometer measurements

The integrated water vapor ¥ and cloud liquid water
L can be derived from radiometric measurements at
two frequencies, one relatively sensitive to water vapor
and the other relatively sensitive to clouds. Several in-
version lechniques have been developed to derive V
and L from the radiance measurements. Experiments
have shown that the rms accuracy in determination of
V is comparable to or better than that of radiosondes
(Hogg ct al, 1983). However, the accuracy of L is very
difficult to evaluate due to the lack of “ground truth.”
Snider et al. (1980) provided an alternative mcthod
that compared cloud liquid water, derived from the
absorption of a microwave satellitc signal, with that
measured by a ground-based microwave radiometer.
The rms difference was 0.28 mm.

Almost all the inversion techniques treat ¥ and L
as functions of the observed brightness temperatures
only. Howcver, there are other atmospheric variables,
such as temperature and pressure, that also potentially
contribute to the brightness temperatures. Generally,
these variables are either neglectcd or treated as pa-
rameters assigned constant values. Variations of these
variables often do contribute errors in the retrievals
{Westwater 1978). Although statistical methods have
been developed to reduce the errors by constraining
the solutions, variations in these variabiles still contrib-
ute error in the retrievals. Improvement of the retrieval
accuracy may be made if uncertainties in determination
of these variables arc reduced. In this experiment, a
method was developed and applied to retrieve ¥ and
L trom combined radiometric and cecilometer mea-
surements. By this method, two parameters, the cloud
absorption coefficients and mean radiating tempera-
tures uscd in the inversion equations, can be deter-
mined from the measurements and, thercfore, the re-
tricval accuracy is improved. In the following, we first
describe the method, then discuss its impact on the
retrieval accuracy, and finally present experimental re-
sults. Since it has been common practice to derive V
and L from dual-channel measurcments, we applied
this method to the radiometric databasc from the two
channcls, 22.2 and 31.7 GHz. We chose the 22.2-GHz
rather than 24.1-GHz channel as thc 22.2-GHz channel
was less noisy than the 24.1-GHz channel during this
experiment.

a. Method

Here, V and L may be derived using a simple phys-
ical inversion fechnique (Westwater 1978) as
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I ' T ’
V= kL,VZTVl B kL,vlTvz

-7 7 7 7 s
kV,vlkL,vz - kV,Vsz,u,

— —I_(V,uz‘rlvl + I_CV,VIT,IIZ
kV)”lkL,vz - kV,usz,ul
In the equations, 1 and 2 refer to the water vapor—
sensitive and cloud-sensitive channels, respectively, and

k., and k; , are path-averaged water vapor and liquid
water absorption coefficients, defined as

(1)

L (2)

_ 1 oc,

kV,u = ;L kaV,udZs (3)
k —lfm k; ,d (4)
Ly = . J WK 42,

where k-, and k;_, are the mass absorption coefficients
of water vapor and liquid, and p,  and w,, are the water
vapor density and liquid water content. Here, 7/, are
the optical depths of water vapor and cloud liquid and
may be derived from the mean radiating temperature
Tnr, and the observed brightness temperature 75, as

’ (Tmru— Tbb)
7,,=}T1 - — T4y

Tmr,u - Th,v (5)

where 7, is the dry-air optical depth and Ty is the
“big bang” cosmic background of 2.75 K. The mean
radiating temperature 7, is defined as

f Te "dr,
0

mry

P —emmme 6)
where 7, is an optical path.

A modest improvement over the physical inversion
technique can be achieved by applying a statistical
constraint to the solution. One such technique is the
linear statistical inversion. It may be written as (Rodg-
ers 1976)

v, L)T = (Vo, LO)T
+ SKT(KSK™ + 8)7' [+ ~ K(Vo, Lo)™], (7)

where V), and L are climatological means of V and L,
8, is the corresponding covariance, S, is the error ma-
trix of the effective measurement vector 7 = (7,

73), and
) ®
k V., kL w2
The statistical inversion technique was applied to derive
V" and L in this experiment. However, because of the
simplicity and its physical transparency, the physical
inversion algorithm was used to predict the retrieval
accuracy.
The use of (1), (2), and (7) to derive V and L from
measurements of 7}, , requires knowledge of absorption
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coefficients, dry-air attenuations, and mean radiating
temperatures. Usually, these parameters are predeter-
mined and assumed constant. However, they vary with
the changes in the atmospheric state. Westwater (1978)
has provided some estimation on how the variations
of these parameters affect the inversion accuracy. A
brief discussion on the relationships of the cloud ab-
sorption coefficient k; , and the mean radiating tem-
perature T,,,, with the cloud parameters is given below.

At a specified microwave frequency, for most non-
precipitating clouds, the Rayleigh approximation ap-
plies and the mass absorption coeflicient is a function
of cloud temperature only. However, because of the
vertical variations of the cloud temperature, the path-
averaged mass absorption coefficient, defined in (4),
is also dependent on the cloud thickness, vertical dis-
tribution of cloud temperature, and liquid water con-
tent. These cloud parameters are highly variable in time
and, hence, cause variations in l—cL,,. For example, a
10°C change in cloud temperature, which is not un-
commonly observed at middle latitudes, could cause
a change of about 27% in k; ,. Assuming a cloud tem-
perature lapse rate of 5°C km™' and a constant liquid
content profile, k; , changes about 13%, if the cloud
thickness is changed from 0.2 to 2 km. Assuming a
cloud with thickness of 2 km and a 5°C temperature
lapse rate, a change of 4% in k; , arises if the vertical
distribution of the cloud liquid content is shifted from
a constant profile to a moist adiabatic profile.

The mean radiating temperature 7,,,,, defined in
(6), is determined by the atmospheric temperature
profile and atmospheric, including cloud, absorptions.
The influence of clouds on 7,,, depends also on cloud
height and thickness. Since 7, is an average of tem-
perature profile 7(z), weighted by the function
(de™™), a function with high-altitude clouds will weigh
the colder portion of the temperature profile more
heavily than one without clouds and, hence, may result
in a lower value of T,,,. A function with lower-altitude
clouds may result in 7, larger than when there are
no clouds. _

~ To account for the cloud-caused variations in k;,
and T,,, we should regard them as variables to be
determined through measurements. With certain as-
sumptions, joint measurements by a radiometer and
a ceilometer can provide the information necessary to
calculate &, , and T, .

1) CALCULATION OF k.,

The cloud-base height measured by the ceilometer
is one of the parameters that determines k; ,. Another
parameter, the cloud-base temperature, can be obtained
if the cloud-base height measurements are incorporated
with a simultaneously measured temperature profile.
The temperature profiles can be provided by a micro-
wave radiometer with oxygen-sensitive channels, such
as the one we used, or by other remote sensing instru-
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ments, such as a radio acoustic sounding system or an
IR thermometer. For this experiment we used a cli-
matological mean profile as the variations of the trop-
ical air temperature, discussed later in section 4, are
very small. The remaining parameters were obtained
based on these assumptions: (a) the cloud liquid water
content was moist adiabatic and a linear function of
height above cloud base, (b) the temperature lapse rate
in cloud was moist adiabatic, and (c) there was no
water to ice phase change in the cloud. These lead to
the cloud liquid water content and thickness given as
(Albrecht et al. 1990)

wi(z) = pT(z — z), 9)
0y\1/2 :
Az, =z, — z, = (2—L—:) . (10)
Lo

In (9) and (10), T'; is defined as the derivative of the
adiabatic liquid water mixing ratio to the altitude vari-
able z and p is the air density. Both are the averages
in the cloud layer. Here, z; and z, are heights of cloud
base and top. The pressure profile needed for estimating
T'; and p is given by the climatological mean. The
integrated liquid water L° in (10) is obtained by an
initial retrieval from the radiometric measurements
using (7), in which & , and T,,,,, as well as other pa-
rameters, are climatological means. Knowing cloud
temperature, w; and Az, we can calculate the cloud ’
absorption k; , from (4).

In reality, a moist-adiabatic water content is rarely
reached in clouds. However, the case studies by Al-
brecht et al. (1990) and Politovich et al. (1992) sug-
gested that it was a reasonable approximation. In ad-
dition, since this approximation affects k; , through
the cloud thickness Az.and the ratio of the water con-
tent w; to the total water L, a small or moderate de-
parture from the moist-adiabatic water content will not
be a serious problem. Assuming the error in estimating
the cloud-base temperature is 2°C and the error in the
initial retrieval of L is 30%, errors in k; , at 22.2 and
31.7 GHz as a function of L are shown in Fig. 3. As a
comparison, the climatological variation of k;,, in the
summer in the experimental region is 0.132 at 22.2
GHz and 0.251 at 31.7 GHz, about five times the values
shown in Fig. 3.

2) CALCULATION OF Ty,

Here, T, can be expressed in a form suitable for
accounting for the cloud variations. After dividing the
integral in (6) into three parts, corresponding to the
layer below the cloud, the cloud layer and the layer
above the cloud, and knowing that the optical path 7,
is the sum of the optical paths of dry air, water vapor,
and cloud, we can write (6) in the form

Tonrs = Towrw + ATy, (11)
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FiG. 3. Errors in estimation of path-averaged cloud absorption coefficients
as a function of integrated liquid water for a specified cloud height 700 m.

where

i [t- e_TL,y(zbeZt)]

dTmr.u =T —n0ea
{1 — ™l )]

+ (1 - e T, (0, z) = T%.(0, )], (12)
[

In above equations, 7°%,,(0, z) and 7°(0, z) are the
mean radiating temperature and optical path between
the surface and the level z under cloud-free condition,
T 1s the vertical-averaged cloud temperature. The first
term on the right side of (11) is the mean radiating
temperature under cloud-free conditions and the sec-
ond term is a contribution due to the presence of the
cloud.

Here, TY,.(0, z) and 7%(0, z) depend on the state
of the atmospheric layer between the surface and the
level z. They were approximated by the climatological
means; 7. { zp, ;) was determined in a way similar to
that for &, ,; and T4 was assumed the value of the
arithmetic mean of the cloud base and top tempera-
tures. An example of ¢T,,,., as a function of L is shown
in Fig. 4 for a specified cloud base and height of 700 m.
In general, the magnitude and sign of dT,,., depend
on the cloud base height, temperature, and thickness.

[
[e—-r,((),z,)Tcld

b. Error analysis

Following the method suggested by Westwater

(1978), we evaluated the accuracies of the physical

inversions with and without corrections to kz . Let p;
and Ap; rcpresent the various parameters and the de-
partures from the means. The errors in physical re-
trievals of ¥ and L may be estimated as

1414
E[(AV)*]1=Z a—ng(Ap,Apj), (13)
! J
oL JL
E[(AL)*]1= 2 . 9, E(ApiAp),  (14)
i J

where E] ] represents the expectation. Measurement
errors of the brightness temperatures were assumed to
be 1 K and independent of one another and of the
errors in the other parameters. The means, standard
deviations, and correlation coeflicients of these param-
eters, as listed in Table 2, were obtained from an a
priori ensemble of radiosonde profiles and the radiative
transfer model. The radiosondes were launched from
Guam, which is located about 100 miles south of Sai-
pan, in August and September during 1984-88. In the
radiative transfer model, cloud layers were stipulated
when the relative humidity exceeded 95% and the cloud
liquid water content was assumed moist adiabatic.
When calculating the retrieval errors with the correc-
tions of k; ,, we assumed that the error in cloud-base
temperature was 2°C and error in the initial retrievals
L® was 30%; errors in k, ,, and k, ,, were correlated
with each other but uncorrelated with those in other
parameters.

Figure 5 shows errors in retrieved ¥ and L with and
without corrections to k;, as a function of L for a
specified V of 5.6 cm and a cloud-base height of 700 m.
The accuracy of the retrieved L is improved by more
than 50% in general. We also calculated retrieval errors
given different vertical distributions of cloud liquid
water content. The situation was not significantly dif-
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F1G. 4. Differences between cloudy and cloud-free mean radiating temperatures
as a function of integrated liquid water for a specified cloud height 700 m.

ferent from that shown in Fig. 5 when L was less than
1 ¢cm. The improvement in retrieval accuracy of

V was slight and not as good as that suggested by West-
water (1978) for the case at middle latitudes. The in-
significant improvement was due to the following facts:
(a) V is affected by the ratio of k. ,, to k. ,,, not to
their individual values; (b) k. ,, and k. ,, are highly
correlated; and (c) variations in k; , are relatively small

. compared to those at middle latitudes. '

The influence of T,,,, on the retrieval accuracy takes
place through the effective measurement 7,. At V= 5.6
cm and L = 0.2 cm, 2°C correction to 7, will reduce
the uncertainty in 7, by about 0.0047 Np at v = 22.2
GHz and 0.00328 Np at v = 31.7 GHz. These are
equivalent to a reduction of uncertainty in brightness

_temperature measurements by about 0.7 K. Using (12)
and (13) we estimated that in the range of L = 0.1-
0.5 cm, a correction of 7,,,, by 1-3 K will reduce the
retrieval error by about 0.5%-2% for both V
and L.

c. Experimental results

During this experiment, errors in the radiometric
data were primarily due to local ac power outages and
rain. Erroneous data were eliminated when the bright-
ness temperature at 31.7 GHz exceeded 160 K or the
inspected data at a given frequency differed significantly
from the values predicted by two other selected chan-
nels. The predicted values were obtained from linear
regressions ( Westwater et al. 1990) constructed from
the data under nonprecipitating conditions. Two ad-

ditional channels, 24.1 and 50.4 GHz were used for
this purpose.

The inversion of each dataset consisted of the fol-
lowing steps:

(a) obtain the initial retrievals of V" and L using
(7), in which &, , and T,,., are given by climatological
means, and the effective measurement errors are esti-
mated as

(15)

TABLE 2a. Climatological means and standard deviations used for
error analysis. Units: T,,—kelvins, r—nepers, Ky, or K;—nepers
per centimeter of H,O.

Tour22 2.872 X 102
Td22 1.211 X 10_2
Ky 6.680 X 1072
K2 6.406 X 107!
Tour32 2.878 x 10?
Td32 2.277 X 10”2
Ki 1.917 X 1072
K 1.268 X 10°
AT 2.332 X 10°
de_zz 8325 X 10_5
dKy» 4213 X 1073
dR, 1 1.322 X 107!
AT rr32 2,037 x 10°
drys 1.554 x 107*
dRys; 5.327 X 10~
dK. 3 2.510 X 10™!
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TABLE 2b, Correlation coeflicients used for error analysis.
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Tmr.zz Td22 K v.22 KI_,22 Tmr,32 Td,32 K, V.32 KL‘SZ
- 1,000
Td22 —0094 IOOO
Kyz 0.217 —0.1651 1.000
Kz —0.364 0.041 0.179 1.000
T2 0.550 -0.256 —0.1839 —0.780 1.000
Td32 - 0.054 0.976 ~0.123 0.053 ~-0.168 1.000
Ky 0.054 0.164 —-0.608 -0.316 0.386 0.158 1.000
Ki —0.363 0.041 0.179 1.000 -0.779 0.054 -0.314 1.000

(b) if L exceeds a certain value (0.0 mm), go to
the next step, otherwise output Vand L;

(c) if the ceillometer indicates “‘cloud,” go to the
next step, otherwise output Vand L;

(d) calculate kz,,, K vy, Torpr, and Tprsas

(e) calculate V and L in the same way as step (a)
but with the new values of k;., and T,,,.

A time series of retrieved V, compared with radio-
sonde-derived V, and retrieved L is shown in Fig. 6. A
scatterplot of retrieved versus radiosonde-derived Vis
shown in Fig. 7, in which the data pairs contaminated
with rain ar¢ not included. The rms difference between
the retrieved and radiosonde-derived Vis 0.33 cm, 6%
relative to the mean, No attempt was made, using ra-
diosonde measurements as ground truth, to compare
the accuracy of Vretrieved using the methods with and
without the corrections in k., and 7,,,,. As indicated

earlier, the improvement in 7 is minor and such a
comparison is essentially pointless because the radio-
sonde-derived V contains errors comparable to those
in retrievals. Unfortunately, due to the lack of ground
truth, no similar comparison for the measurement of
L is available.

It should be pointed out that even if the radiometer
and ceilometer are collocated and pointed in the same
direction, data from the two systems may not be
matched, that is, cloud-free radiometric data with
cloudy ceilometer data and vice versa. This problem
is a result of the slightly different beamwidths and sen-
sitivities of the two systems. The situation could be
even worse if the antenna beams of the two system
were misaligned. The discrepancy to the presence of
clouds, however, is somewhat ameliorated by the 5-
min data averaging. In this experiment about 14% of
the radiometric data were mismatched with the ceil-

ERRORS IN INTEGRATED WATER VAPOR AND LIQUID WATER
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FiG, 5. Errors in integrated water vapor and liquid water retrieved by physical inversion tech-
niques with and without corrections to k., as function of integrated liquid water for a specified

integrated water vapor 5.6 ¢cm and cloud-base height 700 m.
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FIG. 6. Time series of radiometer-derived integrated water vapor, compared with
that derived from radiosonde, and radiometer-derived integrated liquid water.

ometer data. For the inversion of these data, no cor- _ - Tao
rections to k,, and 7, were made. Ty = Tope ™ + A Te "dr,,
4. Limitations of temperature proﬁle retrievals ' V=V, V2, V. (16)

The temperature profile 1nformatlon is contamed in It is well known that to obtain the temperature profile
the set of the radiative transfer equations from these equations is an ill-posed mathematical
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Fi1G. 7. Scatter diagram of radiometer- versus radiosonde-derived integrated water vapor.

problem as it can be seen that adding any profiles or-
thogonal to those weighting functions yields the same
set of measurements. Therefore, additional knowledge
about the temperature profiles is required to constrain
the solution. The most commonly used constraint is
statistical information, such as the climatological
means and standard deviations, obtained from an a
priori ensemble of temperature profiles and coincident
radiometric mcasurements. Using such siatistical in-
version methods, an rms retrieval accuracy of about
1°-2°C can be achieved, but the vertical resolution is
generally poor. At middle latitudcs, climatological
variations of the temperature profiles arc rclatively
large; therefore, the radiomcter provides significant in-
formation in determination of temperature profiles.
However, the situation in the tropics is quite different.
As shown in Fig. 2a, the standard deviation of the local
temperature profiles during the experiment was only
about 1°C. The situation is further illustrated in Fig.
8, which shows the standard deviation of the radiosonde
temperature profiles and prcdicted rms retrieval errors,
obtained from the same radiosonde profile ensemble
at Guam mentioned in section 4. From the surface to
400 mb, the difference between the retrieval accuracies
and the climatological variations is only 0.2°C. Note
that in the calculation of the predicted errors, we have
assumed that the statistical characteristics of the un-
known tempcrature profiles were the same as those of
the a priori temperature profile ensemble and the ra-
diative transfer model for solving the forward problems
was perfect. The experimental results, as discussed be-
low, showed that the retrievals were essentially no better
than a climatological mean.

The equation to derive the temperature profiles is
the one similar to (7) but more general to include the
surface temperature, pressure, and humidity. It may
be written as (Rodgers 1976)

& = Elx'yT1Elyy 1YY, (17

F 1100
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300

2 CLIMATOLOGICAL
400

HEIGHT {km)

+ PREDICTED

PRESSURE (mb)

500

600
700
800
900
1000

T T T T T T T
04 0.8 1.2 1.6 2 24 28 32

STANDARD DEVIATION (C)

FiG. 8. Climatological variations and predicted retrieval errors of
tcmperature profiles. Both were obtained from an a priori ensemble
of radiosonde profiles at Guam in August and September from 1984
to 1988.
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where x is the unknown temperature profiles, y is the
measurement vector, and the quantities with a prime
represent the departures from the means. The mea-
surement vector y consisted of 11 components: bright-
ness temperature measurements at five oxygen, two
water vapor, and one liquid water sensitive channel,
and measurements of the surface temperature, pressure,
and relative humidity. The profile vector was made up
of 86 components: 80 for the temperature profile from
the surface to 20 km, four for geopotential heights at
850, 700, 500, and 400 mb, and two for integrated
water vapor and cloud liquid. (The retrievals of the
integrated water vapor and liquid using this retrieval
technique will not be discussed below.) The statistical
quantities in ( 17) were obtained from the a priori en-
semble of radiosonde profiles at Guam. The radio-
metric measurements required for calculating these
quantities were simulated using the radiative transfer
model from the radiosonde profile ensemble.

Using radiosonde profiles launched during this ex-
periment as ground truth, we compared the radiometer-
derived temperature profiles with the climatological
mean obtained from the a priori radiosonde profile
ensemble. To account for the ascending period of the
radiosonde, we averaged the radiometric measurements
over 25 min, which was about the time period the bal-
loon took to reach 400 mb. The erroneous data in the
oxygen channels were removed when anomalous data
were found in these channels or in the three vapor—
liquid channels. Three rms error profiles were calcu-
lated, as shown in Fig. 9. All three curves are the dif-
ferences between the estimated and the radiosonde-
measured temperature profiles. The curve labeled
“RETRIEVED” shows the errors in radiometer-de-
rived temperature profiles. The curve labeled “THEO-
RETICAL” represents the errors in the temperature
profiles derived from the simulated radiometric mea-
surements. The simulations were made by using the
same radiative transfer model as that for constructing
the inversion equation (17) and the radiosondes whose
temperature profiles were used as the ground truth.
The curve labeled “CLIM. MEAN” is the climatolog-
ical mean at Guam. The overall rms differences below
400 mb were 1.28° (RETRIEVED), 1.14° (THEO-
RETICAL), and 0.90°C (CLIM. MEAN). Thus, the
accuracies of both radiometric and simulated retrievals
were no better than that using a climatological mean.

Theoretically, if the statistical characteristics of the
unknown temperature profiles and measurement vec-
tor are the same as those used to construct the inversion
equation (17), the retrieved accuracy will always be
better than that using the climatological mean, as
shown in Fig. 8. However, in reality, the difference
always exists, even when a representative radiosonde
profile ensemble is used. There are uncertainties in the
simulated radiometric measurements, especially when
dealing with clouds. In this experiment, the geographic
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F1G. 9. Root-mean-square differences between estimated and ra-
diosonde-measured temperature profiles during the TCM-90 exper-
iment. “RETRIEVED” represents errors in radiometer-derived
temperature profiles, “THEORETICAL” represents errors in the
temperature profiles derived from the simulated radiometric mea-
surements, and “CLIM. MEAN” represents errors in the temperature
profiles estimated by the climatological mean at Guam.

separation between Saipan and Guam, adds another
source to the disparity in the statistical properties at
the two locations. Therefore, it can be understood that
in a situation such as this, the retrievals may not be
any more accurate than the climatological profiles since
temperature variations are very small. It is also noted
that since the geopotential heights were determined by
the mean temperature between the surface and those
heights and the surface pressure, any temporal varia-
tions in the retrievals were primarily associated with
the variations in the surface pressure measurements.

The temperature retrieval accuracy obtained in this
experiment seems to be comparable to or better than
those achieved at middle latitudes. However, the ra-
diometric measurements did not add more temperature
information than was available in the climatological
mean. Since the inversion method requires the statis-
tical information, the radiometric measurements will
be of no significance if the climatological variations are
comparable to the retrieval errors.

5. Conclusions

We have presented results of the radiometric obser-
vations during the TCM-90 experiment in a tropical
region. Statistical inversion techniques were applied to
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both temperature profiles and intcgrated water vapor
and cloud liquid. For the retrievals of integrated watcr
vapor and cloud liquid, methods were developed to
deal with the cloud-caused variations in cloud absorp-
tion coefficients and mean radiating temperatures. Er-
ror analyscs have shown that these methods improve
retrieval accuracies of . and, slightly, V. More than a
50% improvement in retrieval accuracy of the inte-
grated cloud liquid can be gained with the corrections
of cloud absorption coefficients. However, there was
no ground truth available to verify the results.

Compared with radiosonde data, the integrated water
vapor was accurate to 6% relative to the mean of 5.7
c¢m, and the temperature profiles below 400 mb were
accurate io 1,28°C. However, the radiometer provided
no new information for the temperature profile re-
trievals due to the fact that the climatological mean
tempcrature profile, which was required by the statis-
tical inversion technique, had represented the temper-
ature profiles observed during this ¢xperiment.
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