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Radiance values for the eight water vapor channels on the DMSP/SSH

infrared sounder were simulated for cloud free conditions. The simulated

values were inverted using a statistical multi ple regression proced ure
to est ima te total prec ipitable water . Inversions were also obtained

using both the infrared water vapor channel data and temperature profile

data. For the sounder channels incorporated into the DMSP/SSH sensor

pack age , profile measurements are not possible below the height of the
tropopause using the infrared channel data alone. Successful invers ions
with more than an 80 percent reduction of variance from climatolog ical

va lues were accompl i shed usi ng both temperature profile data (perhaps

obta ined from the CO 2 cha nnel da ta) and one or more infrared water vapor
channe l observ ations .
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1 . INTRODUCTION

1.1 Objectives

The Defense Meteorolog ical Satellite Program (DMSP) Block VD satel-

l ites will each have a Supplementary Sensor H (SSH) package with an
- 

. 
infrared sounder having channels in the 18 to 30 ~

jm absorption band of

water vapor. The SSH package will also have channels in the 11 to 15 pm

absorption band of carbon dioxide (CO 2
) for temperature sounding and a

single channel at 10 pm for sensing ozone . The objective of the work

repor ted here in , conducted by Environmental Research ~ Technology , inc.,

• (ERT), was to develop an algorithm for the extraction of moisture para-

meters from the water vapor channels data. The moisture parameters are
— to be used for the correction of sea surface temperature maps and temper-

ature profiles obtained from satellite-borne infrared radiometers.

l .~2 Summary of Resul ts

The radiances for the eight water vapor channels on the DMSP/SSH

package were simulated for cloud-free conditions using (1) the high
• resolution transmittance calculations provided by the Air Force Geo-

physics Labora tory * (McCla tchey et al., 1973); (2) the temperature and

water vapor profiles used for the transmittance calculations; and

(3) the frequency dependences of each of the channel filters. Calcula-

tions were performed for a set of 220 atmospheric profiles selected by

the Air Force Global Weather Central (Wachtmann , 1975) to be statis-

~ tically representative of the expected range of temperature and moisture
I

profiles.

The simulated radiances were inverted using a statistical mul tipl e

regression procedure (Gaut et al., 1972) to estimate total precipitable

t_ .i 
water and precipitable water profiles for the lower layers of the atmos-

phere. Inversions were made using combinations of water vapor channel

and temperature profile data . Results for the estimation of total

prec ipitable water are shown in Table 1. The ratio of variances is the

I - *Data tapes with calculated transmittance values for 220 atmospheric
profiles were provided by Dr. R. B. McClatchey of AFGL.

I . E ~.
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- TABLE 1

R EI ) II (~TI0N I N VARIANCE FOR TOTAL P R E C I P I T A B L E  WATER EST IMATORS

1 1
Ijnfrared ChanneL] Temperature Levels Ratio of Variances

t )
8 S 8 . 0

5 8 .1

7* S 7 . 2

• 8 0 2 . 1 )
7* 0 1.2

4** 0 2.3

• 533 cm~~ 0 1. 5

0 5 3. 2

535 cm S

* Did not include 535 cm~~ channel

** 398 , 410 , 442 and 535 cm ’ channels

100 , 920, 8S0 , 700 , and 500 mb temperature valu es

2 
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a priori variance of the entire data s t t  J I V E J C d  by the residual van-

ance after multi ple regression analys is ~r the factor by which the
• variance was reduced .

Channel selection included or excluded the IS . ,~m (535 cm
1 )

channel. This channel is not included on the fir st SSH flight model H~ t

will he available on succeeding SSH models. The four channels at 398,

HO , 442, and 535 cm~~ were selected as an optimum subset of the full

comp lement of eight channels. Finally, since the difference between

using all eight channels and the first seven channels was large , the use

of onl y the 535 cm~~ channel was explored .

The results listed in Table 1 show that the combination of eight

water vapor channels plus the temperature data at five levels produced

the best results; the use of the seven water vapor channels to be flown

on the first SSF{ flight model without including temperature data pro-

-
• duced no reduction in variance from the a priori value obtained using

climato log ical data. Results obtained using onl y water vapor channel

data and including the 535 cm~~ channel were intermediate between these

cases. The incorporation of the 535 cm~~ channel with the temperature

profile data significant ly improved the estimate of total precipitab le

water over the use of the sing le infrared channel alone or the tern-

perature data alone.

The results did not change when both the radiance and temperature

values were perturbed by measurement noise. Design level noise of

0.25 ergs/sec was added to the radiance values and a .20 m s  (root mean
square~ temperature uncertainty was used . The latter value is typ i c a l

of t h e precision that can be accomplished from infrared temperature

profil e measurements under cloud - free conditions.

lEe details of the moisture parameter retrieval analysis are pre-

S e n t l C I  i n  t h i s  report . s ec t  ion 2 describes the inversion problem and

the s t a t i s t i c a l  m u l t i p l e  r e g r e s s i o n  pr ocedure used in  t h e  a n a l y s i s ;

~~~~~. t 1 ( ~ r E ~ d e s c r i b e s  t he s i m u l a t i o n  procedures;  Sec t i on  4 p r o v i d e s  a
d~ :ii - .sion of results; and Section 5 presents conclusions and recom-

mend at ions. A description of the software and I) matrices for a sample
. 1. set of i n v e r s i o n s  are g iven in the appendices .

I .-• - E  ~P
1-. 3 
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• 2. THE INVERSION PROBLEM

• 2.1 The Radiative Transfer Equation

The upwell ing thermal infrared radiation sensed by radiometers on

the DMSP satellites originates from surface emission and from the atmo-

sphere above the surface. In the absence of clo uds , the radiance

detected at the satell ite may be calculated using the radiative transfer

equation for an absorbing medium (Chandrasekhar, 1960):

-
. -t (s) 

-

= I (s)e V 
+ ~~(x) B (T(x))e Tv~~~dx (2-1)

where

is radiance at x along the path measured from the

satellite

T
~
(x) is optical depth 0

f 5 K
~~

(y ) d y

Ec
~
(x) is absorption coefficient

d y 3

B (T(x)) = = Planck radiance
V (ec2\l

~
’T 

- 1)

s is distance to surface

A is wavelength
4

v is the wavenumber

T is temperature (kinetic)

c 1 = 2hc = first Planck constant

= hc /k = second P l anck  cons tant

P . h i s P lanck ’s con stant

k i s the Bol tzmann constant

* Using the hydrostatic equation and assuming that the surface radiates

as a black body, th is express ion may be simpl i fied to

- --5-
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—t (Ps) 1’s -t (P) K

I = B [ T ]e v 
+ ~f B [T(P)]e 

V 
[-_~_-J~

p (2-2)

where

P K d P
i (P) = I —

~~
-—

V 0 ppg

• p = p (P) = density

V P is pressure

is surface pressure

T5 
is surface temperature

g is acceleration due to gravity

p is cos 14,

is zenith angle

and the atmosphere is assumed to be horizontally layered over a flat

surface (plane pa ra l l e l ) .  F i n a l l y ,  noting that

dPdi = K —
v ppg

the radiative transfer equation can be reduced to the familiar form

dO ( P )
I = B~ (T5J °~~~‘~~) 

- 
o1 B [T(P)] 

~~ 
dP (2-3)

— where

— t
• - a = e V 

= transmittance
V

The three forms of the radiative transfer equation were explicitly

presented to emphasize the complexity of the relat ionship between I

measured at the satellite and the atmospheric parameters of interest.

Moisture parameters such as mixing ratio and precipita hie water do not

exp l icitly appear. In the 18 to 30 pm (330 cm~~ v 550 cm~~) band

the only important source of absorption is water vapor . The absorption

coefficient depends upon the contributions of a number of rotational-

vibrational absorption lines in the vicinity of v. Following Burch

6
I -  
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et al (1974), the absorption coefficient may he modeled as a sum of the

contribution of nearby lines (local) and a continuum contribution contri-

buted by the far wings of a large number of distant lines. The local

pressure broadened lines may be described by the classical Lorent: line

shape and the contribution of each line may he calculated g iven the

frequency, width and intensity of each line. The Lorent : line sh ape

does not adequately represent the actua l line intensity more than 10 - 15 cm 1

from the line center. At larger frequency offsets , the contributions

from a large number of distant lines becomes important and their contri-

• hutions may be modeled as background continuum absorption .

The model for the absorption coefficient is given by:

—~~~ = —h [
~ C~ p 

+ C e  + Cp ]  (2-4)

where

e is the partial pressure of water vapor ,

C is the continuum coefficient for self broadening ,

C~ is the continuum coefficient for total pressure (nitrogen)

broadening , and

C are the contributions by lines at V with the line width
I I

pressure dependence made explicit.

Noting that e/T the water vapor density, Equation 2-4 may be

represented by

K
—

~~~ 
= r[f

1
(v ,P,T) + r f

2(~ ,l’,T)]

to make the dependence on mixing ratio , r, explicit. Now Equation 2-2

may he rewritten

-t (P ) P
S -t (P )

I = B ( T )e  V ~ 

~ ~J B [T(P)]e 
V r(f1 

+ rf 2 )~~ - ( 2 - 5 )



• INVIN UNNENTA L R150ANCHI T ECHNO LOGY INC

where

P dP
t = I r(f + r f )—.
V o 1 2 p g

The dependence of the measured radiance on mixing ratio is highly
— 

nonlinear . The optical depth is a temperature and pressure weighted

integral of the mixing ratio plus a term with a second order dependence

on mixing ratio. The radiance values have a further nonlinear dependence

on the weighted integral of mix ing ratio through the exponential func-

• tion . Equation 2-5 is a nonlinear equation for r when is given. To

obtain information about r or about precipitable water, W ,

P
- t rdP

• (P) o~ g

the equation must be inverted .

2 . 2  Stat is t ical  Parameter Inversion Method

The integral equation (Equation 2-5) is highly nonlinear in r.

Smith and Howell (1971) attempted to invert this equation using an

i tera t ive  technique . To be sucessful , the i terative solution should

take into account the variations of the weighting functions with the

mixing ratio profile and temperature profile. For the analysis of

temperature profi les using i terative techniques such as the minimum

information technique, the variation of the weighting functions with the

parameter of interest , temperature, is assumed to be small and a fixed

weighting function can be assumed . This is not possible for the inver-
• sion of water vapor data. The result is a lengthy , time consuming pro-

cess wh ich , in the end , may not converge to the desired result due to

the non-uniqueness of the solution .

The Statistical Parameter Inversion Method developed by ERT

(Gaut et al ., 1972) bypasses the requi rement for the lengthy iterative . t
procedure for the inversion of the radiative transfer equation by using

multiple regression techniques. Multiple regression procedure has been

used by many investigators for the inversion of the radiative transfer

equation . Recently, Smith and Woolf (1976) described a procedure nearly

8
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• identical to the one used by Gaut et al .  (1972) for the inversion of

Nimbus-6 data to generate t emperature and mixing ratio profi les .  As

applied , a mu l t i ple regression analysis  is performed using radiance data
• or , in their absence, simulated radiances as the independent set of

variates and the desired parameters as the dependent set. A linear

relat ionship is assumed between the dependent and independent sets and

the least square and best estimate coefficients relating the two sets

are determined which minimize the differences between the estimated and

observed values . This procedure selects the most probable set of para-

meters from the i n f i n i t e  set of parameters that  could have produced the
same radiance values.

Let v
~ 

be the ~th parameter, say W(p). and d3 
be the ~th element of

a measured data set , then the assumed relationship is

N
v~ = 1D ..d.

13 ~

which , in matrix notation, is

where

v~ is the estimated parameter,

are the elements of a linear operator p relat ing d to v~ , and

• N is the number of data elements in an observation .

The problem is to determine the elements of the linear operator such

that the variance of the difference between v. and vt is a minimum

(least square minimum error). The elements of the linear operator can
• be estimated using multiple regression techniques and simultaneous sets

-• 
of observations (or simulations) of v and d. The elements ~ then minimize

the error for the sets of observations. For use as an estimation proce-

dure with a new set of observations, the elements of ~ will only provide

!~ • minimum variance if the stat ist ical  properties of both the original and

~~~~~~~ new sets are identical. This is usually taken on faith if simultaneous

V and d elements are not available or can be tested if they are available.

__ _ _ _ __ _ _  _ _  _ _ _
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The Statistical Parameter Estimation Method first determines the

emp irical orthogonal functions that best represent the data elements.

The data are then represented by a truncated set of the emp irical ortho-

gonal functions to minim i:e the effect of noise and redundant observa-

tions. The latter set is used in a classical regression anal ysis to

determine the p matrix elements. The calculations are made using a

mod ified d’ vector with the first element set to unity and the remaining

elements equal to the departures from their expected mean values nor-

malized by the expected mean value

{d!} { l ,d . 1 ~~~:d. 1
> }

• where the < > operation represents averaging over the number of observa-

tions in the set used to generate the D matrix. The correla ti on matr ix ,

• C (d ’ ,d’) where C. . = <d’ d !>, is generated using the values for d’ and

is diagonalized to determine both its eigenvalues and eigenvectors . The

eigenvectors are the empirical orthogonal functions for the data elements

and the eigenvalues give the amount of the variance represented or

exp lained by each eigenvector (Lorentz , 1956).

The transpose of the eigenvector matrix (R
T) is used to transform

the modified data vector d’ to a new data vector d” = R
Td ,  wh ic h nay be

truncated to provide a best representation of the data vector for use in

the regression analysis. Using the truncated set ,

0’’ = ~(v,d”) ~ 
1 (d ’’ ,d’’)

• 1 The 0’ matrix for use in estimating v is then D’ D,,.RT The Q

matrix calculated in this manner minimizes sensitivit y to noise and

-

~~ 

c o r r e l a t i o n  b etween data  e l e m e n t s ;  t h e  c o r r e l a t e d  da ta  e l e m e n t s  b e i n g

represented by a s i n g l e  component  of t h e  emp i r i c a l  or t  hog on a I f u nc t  ion • )

set ‘(;iut et al , 10 2; Smith and Woolf , 19Th)
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3. SIMULATION OF RADIANCES

3. 1 Band Pas s F i lters
• I

The use of the D’ matrix for the inversion of infrared sounder
• measurements first requires the availability of both data and simul-
- 

- 
taneously observed parameters for the generation of a ~~~~

‘ matrix. In the

absence of actual observations , simulated data must be used. The radi-

ances to be observed in each of the channels of the DMSP/SSH sounder are

not single frequency observations as implied in the equations of Section 2.1

but are spaced over the frequency band defined by the instrument filt ers.

• 

- 

Table 2 describes the frequency bandpass characteristics of the

F channels of the first fl ight model water vapor sounding (Barnes

Engineer ing Co. , 1975) and of the eighth channel to be included on the

subsequent flight models. The numbers 1 to 8, given in Table 2, are

used to refer to the channels. Their bandpass characteristics in terms

-

• 
of energy throughput or transmission are displayed on Figure 1. The

data on this figure were compiled from measurements at 0.5 cm~~ spacings

prov ided by the manufacturer (Barnes Engineering Co., 1975) and were

used to define the response of each of the sounder channels. Although

the f u l l  system frequency response as well as the filter response were

measured by the manufacturer, dig itized data were ava i lable for the

filters and were used for the simulation . As shown in Table 2, the

differences between using the two sets of data , as calcula ted by the

manufacturer and as calculated from the digitized filter data plotted on

Figure 1 are small. The data for channel 8 were obtained from measure-
‘ ments on a similar channel filter on the sensor on satellite DMSP-6530.

The radiances to be measured on the satellite are related to the

th eoretical values described in Section 2.1 by

~
• 0 1. = I

where g
1 

is the transm ission function for the ~th channel.

11
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3.2 Calculations of Transmittance

The transmittance values needed at each frequency for the calcula-

t ion of I i require the ca lcula t ion of the absorption coeff icient  for

each of the l ines within the interval and for the continuum contribu-

tions from distant lines. The transmittance values for each line

0 (p) = e~~v~~~ were provided by Dr. R. McClatchey of AFGL for 0.1 cm
’

increments and 12 pressure levels (McCla tchey et al., 1973). The cal-

culations were made for 220 atmospheric profiles selected by R. F.

Wachtmann of Air Force Global Weather Center (AFGWC) to be statistically

representative of the profiles to be expected on an operational basis.

lie compiled a larger set of profiles and determined that this subset was

statistically identical with the larger set (Wachtmann, 1975). The set ,

therefore, is useful for the estimation of a p matrix because the

s ta t i s t ica l  representativeness of the set was considered in its select ion .

The calculations provided by Dr. McClatchey did not include the

continuum contributions. These were established from observations made

by Burch et al. (1974). The observations were made at two temperatures

in spectral gaps between 337 and 822 cm* The observations for C~ and

C
11 
are presented in Figures 2 and 3. The data were fit by smooth curves

that matched the lowest values at the reported frequencies. This pro-

cedure was followed because the data could be contaminated by the edges

of ne ighboring lines. The minimum values should represent the continuum

contribution with the least amount of contamination by local effects.

The curves were separately established for each temperature, and values

were sca led from each curve for the center frequency of each channel and

tabulated (Table 3). Noting that line broadening can be modeled as

proporti onal to T~
’ (Goody, 1964), the two temperature val ues were used

to establish a value of n that best fits all the data for each coeffi-

cient . For self-broadening, n = -2;  for nitrogen broaden ing , n = +2 .

These data were used to calculate the continuum contribution to the

transmittance. From Equation 2-3 , it is evident that the total trans-

mittance is given by

® i(P) °i ,~~(P) i ,c(P)
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TABLE 3

WATER VAPOR CONTINUOUS ABSORPTION COEFFICIENTS

Nominal ~~tical __________ 

Absorption Coefficient
Center Center C5 C5 Cn Cn

Channel (cm-i) (c~-1) (430°K) (296°K) (430°K) (296 K)

1 353.0 353.78 5757 12150 1245 - 590
- 1 2 359.0 356.67 5450 11400 1055 500

3 373.5 373.46 4194 8850 654 310

4 397.5 398.15 3270 6900 369 175

5 409.0 409.83 2962 6250 285 135

6 423.0 418.96 2725 5750 232 110

7 441.0 442.19 2227 4700 137 65

8* 534.5 534.35 972 2050 53 25

Not on Flight I/SSH (Filter Response Function from D14SP-6530)

where 0~ ~ is the transmittance for the lines within the f i l te r  bandpass

weighted by the filter response

O1~~~
(P) ‘ { f g j(v)d

vJ_ 1

and 0. (P) is the continuum transmittance evaluated at th~ center1,c
frequency for the channel. The filter weighted line transmittance

values were calculated us ing the 0
~~~

(P) values at 0.1 cm 1

I -
~ intervals  and by a second order spline interpolation between the 0.5 cm

f i l t e r  response values.

The continuum calcula t ions  were made for each channel center fre-

quency using 35 pressur e levels equally spaced in units of P2II’7 between
0.01 and 1 ,000 mb. The values of T, P and r required to make the cal-

H culations were the average values between the layers. The transmittance

values for the lines were also spline interpolated to the 35 pressure

levels. The total transmittance values were calculated for each channel

and pressure level for use in calculating the simulated radiances.

0-
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Weighting func tions were calcula ted for several of the prof i les to
. display the results of the transmittance calculations. The weighting

functions for the Planck radiance (Equations 2-1 and 2-3) were cal-
. culated by the wei ghting function

.
~

dO do.
1 

— 
1

dH - d ( l n P )

Weighting functions for all the channels for a tropical summer atmos-

pher e are displayed on Figure 4. Wi th the excep tion of chan nel 8, all
the weighting functions peak at 500 mb or above. Al though these weight-

ing functions are not the coefficients of precipitable water or of

mixing ratio , the parameters to be sensed (Smith and Howell , 1971), they

show that only the Planck radiances in the upper layers of the atmos-

phere contribute to the radiance values. As displayed , the weighting

functions contain the water vapor information . These functions show

that only water vapor above 500 mb can be sensed for this profile.

A subset of four channels were selected that had weighting functions

that peaked at different heights in the lower atmosphere. Weighting

functions for channels 4, 5, 7 and 8 at 398, 410, 442 and 534 cm~~,

respectively, are displ ayed for two widely different atmospheres on

Figures 5 and 6. Figure 5 is for the same atmospheric profile as Figure 4,

tropical summer . Figure 6 represents an arctic winter profile. These

data show that channels 4, 5 and 7 peak at the same height for the

moist , warm tropical summer profi le . The weighting functions peak at

much lower heights for the cold , dry arcti c winter profile. In the

latter case, channel 8 should provide useful information down to the

~ I ‘ surface.  These da ta display the wide var iab i li ty pos sible for the
-i (P)product ~~e v (see Equation 2-1).

‘
I
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•
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3.3 Radiance Calculations

- The radiance values , ‘e’ 
were calcu lated using the 35 pressure

- . levels and evaluating the Planck raciances for the layers between the

radiance levels. From Equation 2-3, it is evident that a surface
- 

- 
temperature must be specif ied to calcula te the surface emission for use
in the radiative transfer equation. Surface temperature measurements

were not provided with the 220 atmospheric profiles . Surface tempera-
-

- 
ture values for use in the equation were randomly generated to be within

- 
1.5° rn’ts of the 1,000 mb temperature value . The surface is assumed to

-

- be at 1,000 mb and to have unity emissivity.

The radiance calculations were made for each of the 220 prof iles .
Calculated radiance values for the two samples , the arct ic winter and
trop ical summer profiles , are displayed on F igure 7. These data show

large variations between the observations. The data are of the same

order of magn itude as the arctic and tropical observat ions reported by
Hanel and Conrath (1970) .
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Figure 7 Radiance Estimate Summary for the 220 Atmospheric Profiles
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4. ANALYSIS

4.1 Sample Variability

The set of 220 simulated radiances and their associated atmospheric

prof i les comprise the da ta and parame ter set used for the generation of
the ~ matrix. The utility of different retrieval algorithms using

different channels and combinations of channel radiance values and tem-

perature values is measured by the fac tor by which the a pr ior i or
cl ima tolog ical variance of the parameter is reduced . The var iance
values and covariances requ ired to generate the ~ matrices used for the
retrieval of prec ipitable water were calcula ted using the entire set of
220 atmospheric profiles. The profiles were selected from a larger set

and constrained to have the san e stati stical proper ties as the larger
set (Wach tmann , 1975). The resultant data set represents a number of

profiles from different latitude regions and months of the year as shown

in Table 4. The mean and standard dev iation of the calcula ted rad iances
for this data set are shown on Figure 7.

TABLE 4

DISTRIBu TION OF SOUNDINGS BY LATITUDE AND NORTHERN HEMISPHERE MONTHS

La t itude __________ _________

Month 1-15° 15-30 30_450 45-60° 60-75° 75-90°

-
• Jan 16(10) 18 14 37 20 13

Feb 10(4) 18 17 25 10 15

Mar 14(4) 20 17 18 9 10

Apr 8(8) 17 12(2) 29 18 14

May 18(10) 21 24(2) 12 15 16

Jun 16(8) 26 2 1(4) 24 22 10

Jul 17( 11) 23 24(2)  23(3) 15(9) 15(4)

Aug 15(7) 20 20 23(7) 25( 5) 12

Sep 10( 10) 12 15 0 6(4) 4

Oct 20(9) 16 20 23 10 10

Nov 13(7) 18 16 21 10 10

Dec 19(10) 16 16 44 10 6

.
. The n~~bers in paren theses represent that part of the total taken in

the southern hemisphere. Southern hemisphere soundings are counted for
- - the month six months out of phas. of the observation month in order to

represent seasonal distr ibution. 
-

23
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The moisture parameter selected to test the inversion algorithms

for the simulated data are the precipitable water values for five

pressure levels between 1 ,000 and 500 mh . The preci pitable water is

defined by Equation 2-6 . The total precipita hie water is the value for
- - 1 ,000 mb pressure. This value is of most interest for sea surface tern-

pera ture mapp ing and was used by Cogan and W illand (1975) as an indepen-

dent variable in the procedure for estimating the temperature deficit

for the correction of the sea surface values. Similarly, the precipi-

table water values for different pressure levels are required to esti-

mate corrections for the transmission functions used in the retrieval of

temperature profile data from the CO1 sounder channels ’ data. The mean

and standard deviations of precipitable water are depicted on Fi gure 8

and are listed in Table 5. From the table , it is evident that the

a priori or climatolog ical standard deviation of precipitable water

varies from 60 to 80 percent of the mean depending upon the pressure

level. The individua l tropical summer and arctic winter profiles used

in the radiance calculations dep icted in Figure 7 are displayed in

Figure 8.

The precipitab le water values are not all independent parameters.

The first three eigenvectors in an empirical orthogonal function repre-

sentation of the parameter set explain 99.91 percent of the variance.

A similar analysis for the eight water vapor channels shows that the

radiances are highly correlated . The first three eigenvectors in an

empirical orthogonal function representation of the radiances explain

99.966 percent and the first four eigenvectors explain 99.997 percent .

The temperature values at the same pressure levels used for precipitable

water have the mean and variance values listed in Table ~~~. Again , an
empirical orthogonal function representation of the temperature data

s h ows that only two ei genvectors are required to explain 99.9 percent

of the  v a r i a n c e .  These r e s u l t s  show t h a t  both  t h e  da t a  e l e m e n t s  are
h i g h l y  c o r r e l a t e d  and the parameter elements are also hi ghly correlated.

T h i s  means t h a t  the  number of independent  p ieces  of i n f o r m a t i o n  in an

obse rva t i on  is significantly smaller than the number of sounder channels.

24 
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TABLE S

A PRIORI PRECIPITABLE WATER PARAMETERS

Pressure Mean Variance Standard Deviation Standard Deviation
2 2  2(mb) (gm/cm ) (gm/cm ) (gm/cm ) Percent of Mean

1000 2.9 2.7 1.6 57

920 2.0 1.3 1.2 59

850 1.5 0.78 0.88 61
700 0.66 0.19 0.44 66
500 0.14 0.012 0.11 77

E- -4 Mien Standard Deviation
0 Arctic Winter
£ Tropic Summer

! 100 I I  £ I

I

850~~~ S L i

: :0

~ 

~~~~ 

£ 

a
PmcipIt

~~

I. Water (g/con2 )

I I
Fi gure 8 Precipitable Water Estimate Summary for the

220 Atmospheric Profiles and Examples for
- 

- Arctic Winter and Tropic Summer
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TABLE 6

TEMPERATU RE VALUES

Pressure Mean Variance Standard l)eviat ion
(mb) (°K) (°KY ( °Kl

1000 287 .7  175 13.2

920 285.0 145 12.1

850 282 .3 128 11 .3
700 275.1 92 9.6

500 259.5 85 9 .2

I.

4.2 Results of Precipitable Water Retrieval

The S ta t i s t i ca l  Parameter Es t imat ion  Method was applied to a number

of combinations of sounder channels and temperature levels to determine

the optimum combination for use with the DMSP/SSH sounder . The empirical

orthogonal function representation of the data elements were truncated

to eliminate a l l  eigenvectors that  explained less than 0.01 percent of

the variance. This procedure retained the smallest number of elements

required to adequately describe the data wh i l e  reducing the e f fec t s  of

measurement noise. The truncation criteria was selected to eliminate

the effects of noise while retaining only the significant data. A com-

par i son of resul ts us ing several truncation cri ter ia are displayed in
Table 7. Using a truncation level of l0~~ (0 .1 percent), the var iance
for total precipitable water was reduced only 30 percen t . Reducing the
trunca ti on level to l0~~ (0.01 percent) improved the estimate of total
precipitahie water . In this case , the variance was reduced by 53 per-

cent both with and without contamination by measurement noise . The

~edsurement noise was used to randomly perturb the data elements prior

to the generation of the ~ matrix. The percent variance represented by

the noise of 0.002, wh ich is rejected by the selected truncation level.

.\ lower truncation level would produce noise sensitive results.

1.7)

-k
-;
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A number of sounder channel and temperature level parame ters were
used in the analyses of water vapor retrievals. Tempera ture was
included as a data element because it determines the maximum value of

precipitable water that the atmosphere can carry . It is often noted
that re la t ive humid i ty  values vary over a narrow range. The mixing

ratio values , therefore , should be hi ghly correlated with the tempera-
ture values. Since the precipitable water is dominated by the contribu-

tions of the mixing ratio at the lowest level used in the calculation ,

the layer t emperature value and precipitable water value should be
hi ghly correlated . This was true for the 220 sample profi le  set as

indicated in Table 8. The correlations between t emperature and precipi-

table water ranged from 0.5 to 0.8. The correlations between precipi-
table water and radiance values were sma l l e r , rang ing from 0.0 to 0.6.

A subset of four infrared sounder channels were also used for the

estimation of precipitable water. Channels 4 , 5 , 7 and 8 (398, 410, 441
and 535 cm~~) were selected as having the highest correlation with

precip itable water (Table 8) and the largest differences in weighting

functions. A subset of the original data set was selected as a method

for operationally reducing the complexity of precipitable water retrieval

algor ithms.
The results of Statistical Parameter Estimation Method retrievals

for each of the channel-temperature level combinations are presented in

Tables 9 through 13. The data on each table are for a single precipi-

table water parameter. The results show that reductions in variance of

80 to 90 percent are possible using temperature data at four or five

levels and at least one infrared sounder channel. The differences

between the use of one or more sounder channels are small. The use of

temperature only data provides a 70 percent reduction in variance for

to ta l  precipi table  water but using t emperature in the lower levels only

is not as useful  for precipi table water for levels above 700 mb.
Sounder data on ly  is most useful when channel 8 is included but no

reduction in variance (at the 0.05 si gnificance level)  occurs when

channel 8 is not included .

28 

_____



r’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~F’
ENV INONNNN TAL IULA RCN&1 EC HNOL OG Y INC

~

j

~

-j  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



T T  _ _ _ _ _ _ _

teVIRONOENT AL ‘ESHAHCNI TECHN OLOGY INC

TABLE 9
J

TOTAL PRECIPITABLE WATER RETRIEVAL W
(1000)

Channel Temperature Standard Deviation Ratio of Percent Reduction
Levels of Residuals Variance in Variance
(nib ) (gm/cm 2) (%)

1-8 1000-500 0.58 8.0 87

1-8 1000-700 0.~ 1 7.1 86

1-7 1000-500 o.61 7.2 86

4 , 5 , 7 ~ 8 1000-500 0.57 8.1 88

8 1000-500 - 0.62 7.0 86

No 1000-500 0.92 3.2 69

1-8 No 1.1 2.1 53

1-7 No 1.1

4,5,7 ~ S No 1.1 2.3 56

4,5 ~ 7 No 1.5 1.2 17

8 No 1.3 1.5 35

TABLE 10

920 mb PREC IP ITABLE WATER RETRIEVAL W (920 )

~Channe1 Temperature Standard Deviation Ratio of Percent Reduction
-; Levels of Residu als Variance in Variance

(nib ) (gin/cm2) (%)

1-8 1000-500 0.40 8.5 88

1-8 1000-700 0.42 7.5 87

1-7 1000-500 0.43 7.2 86
4,S,~’ ~ 8 1000-500 0.39 8.6 88

8 1000-500 0.43 7.3 86 ]
No 1000-500 0.73 2.6 61

1-8 No 0.84 1.9 47

No 1.1 1.1 11

4,5,7 ~ 8 No 0.82 2.0 50
4,5 & 7 No 1.1 1.1 11

8 No 1.0 1.4 26
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TABLE 11

850 mb PREC I PI TABLE WATER RETRIEV AL !,i,

Channel Temperature Standard Deviation Ratio of Precent Reduction
Levels of Res idua l s  Variance in Variance

(mb) (gm /cm
2

) (%)

1-8 1000-500 0.28 9.8 90

1-8 1000-700 0.30 8.5 88

1-7 1000-500 0.32 7.7 87

~ 8 1000-500 0.28 10.0 90

8 1000-500 0.31 8.2 88

No 1000-500 0.59 2.3 56

1-8 No 0.66 1.8 44

1-7 No 0.85 L i  8

3 , 5 , 7 6 8 No 064 1.9 47

4.5 6 7 No 0.85 1.1 8

8 No 0.78 1.3 21

TABLE 12

700 mb PRECIPITABLE WATER RETRIEVAL W (_00)

Channel Temperature Standard Deviation Ratio of Percent Reduction
Levels of Res iduals Variance in Variance

(mb) (gm/cm2) (%)

1 ~ 1000-500 0.12 13.3 92

1-8 1000-700 0.13 10.6 91

1~~ 1000 500 - 0.15 8.8 89

4.5.7 -, 1 000-500 0 . 1 2  13 .6 93 —

8 1000-500 0.13 11.0 91

\o 100 0-500 0 . 3 2  1 .8  46

1-8 No 0.34 1.6 37

1 — 7  No 0.43 1.0 3

4 , 5 , 7 & 8 No 0.34 1. 7 40

4,5 ~ 7 NO 0.43 1.0 3
.4 8 No 0.41 1 .1 12

i:’
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TABLE 13

500 mb PRECIPITABLE WATER RETRIEVAL W
(500)

Channel Temperature Standard Deviation Ratio of Percent Reduction
Levels of Residuals Variance in Variance

(nib) (gm/cm2) (%)

1-8 1000-500 0 037 8.5 88

1-8 1000-700 0.042 6.5 85

1-7 1000-500 0.039 7.7 87

4.5,7 6 8 1000-500 0.037 84 88

8 1000-500 0.044 5.8 83

No 1000-500 0.083 1. 7 41

1-8 No 0.081 1.7 42

1-7 No 0.10 1 .1 8

4.5.7 & 8 No 0.081 1. 7 43

4.5 & 7 No 0.10 1 .1 8

8 No 0.10 1.1 9
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4 . 3  A p p l i c a t i o n s

The water vapor retrieval algorithm using both infrared and tempera-

ture profile data is capable of estimatin g total precipitable water with

an m s  error of less than 0.6 gm/cm . Shen and Smith (19’2) estimated

that the uncertainty in the estimation of total preci pitab le water

achieval with the SIRS-B sounder was 0.6 gm/cm , the same as estimated

for the DMSP/SSH sounder using the established regression procedure and

both sounder and temperature data. The inversions may be made using the

matrix operation V = d where the D matrix elements are listed in

Appendix 2. Since the 220 element data set was generated using statisti-

cally representative samples , the 
~~. 

matrices generated using the simu-

lated radiance values are applicable for operational use. The II

matrices generated in this fashion may not be the best for operational

use in that the radiances are simulated , not measured , and poss ib le

errors in the model can affect the results. In practice, P. matrices

generated using simultaneous cloud-free satellite observations and

profile measurements are to be preferred .

The water vapor correction technique , described by Cogan and

Wi lland (1975), relies upon the use of the total precipitab le water as a

predictor of temperature deficit. For a W (1000 .~ estimation with a
2 . - ~0 .6  gm/ cm m s  error , the uncer ta inty in the prediction of the tempera-

ture deficit is less than 0.6°K. From the analysis presented by Cogan

and W i lla nd , the uncertainty in the estimation of sea surface temperature

would be less than l°K ntis.

The procedure used for the extraction of precipitab le water is

applicable to cloud-free radiance observations. Tempera ture prof i l e

estimates with mi s errors of less than 2°1( are required for making
- 2estimates with less than 0.6 gm/cm rms error in W . These may he

obtai n ed fr om the CO ., temperature sounder for cloud-free conditions.

The requ i red  da ta , therefore , may he e n t i r e l y  obtained from the  I 1MSP/ SSI1

sensors.  The procedure  app l i e s  only  for c loud- f ree  c o n d i t i o n s , hence

the presence of clouds must he sensed . Since sea surface temperature

measurements can only he made under cloud-free conditions , thi s r.’stric-

tion on the retrieval of water vapor information is not c r i t - c E l .  

~~~~~~~~~~ --
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5. CONCLUSIONS

The 220 simulated radiances sets were used to estimate the coefficients

of a ~ matrix linear operator for use in  e s t i m a t i n g  p r e c i p i t ab l e  wate r

using infrared radiance and temperature level data. The residual errors

expected using the statistical regression procedure are less than

30 percent of the mean values for preci pitable water in the lower l e v e l s

of the atmosphere. Smith and Woolf (1976) report better results for

Nimhus- (~ data when the infrared and microwave data are combined . The

microwave channels are relatively transparent and water vapor may be

r sensed to the surface. The weightin g functions displayed in Fi gures 5

and show that under warm , humid conditions , water vapor near the

- l ir t ace cannot he sensed by the DMSP/SSH sounder. The success of the

~~-~hined sounding plus temperature profile algorithm for warm , humid

‘f les is a result of the natural correlation between temperature and

hate r vapor. Improved water vapor retrievals could he obtained if

additional infrared sounding channels were provided in a les5 opaque

r ’ - c i c ~n of the water vapor spectrum . A number of the current F-channels

on the SSH package are redundant and may be eliminated without loss in

sensor capability.

The Statistical Parameter Estimation Procedure was a~ed for water

vapor retrievals. It can also he successfully used for the extraction

of temperature profile data from the CO~ sounder channels. The National

Oceanic and Atmospheric Administ ration (NOAA operational procedures are

now being changed to use the sta tistical parameter estimation procedure

for profile estimation (Smith and l~oolf , I )~~ ) . -\ similar move for the

- extraction of data frcm the PMSP -~~~l i  data is rL -conm ended . The simult an -

eous inv er- . ion of F , F and channel data to estimate both temperature

— and w a t e r  vapor parameters has the ad v - i n t  ag~- of , l u t L m : E t i c a l  lv i n c ) r r l -r-
a t i n g  the t emperature level imf orma ti~ n for the extraction of water

vapor  data as proposed in this report , p l u s  automaticall y providing the

water vapnr corrections for the  t e m p e r a t u r e  sounder  channels.

- - ~
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