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ABSTRACT

Mesoscale moisture fields are retrieved from TOVS (TIROS Operational Vertical Sounder) infrared radiances
from two polar-orbiting satellites. A special feature of the retrieval process is the determination of the surface
skin temperature independently of the temperature profile above the surface. This allows temperature inversions
in retrieved temperature profiles, thereby more closely matching rawinsonde (RAOB) temperature profiles in
inversion situations. A modification to the moisture feedback equation is required for such surface temperature
inversion cases. Resulting satellite-derived total moisture values are compared both to RAOB-measured moisture
at the RAOB scale (>250 km) and to total moisture estimated from surface dew points at the surface weather
observation scale (<250 km). One finding is that mesoscale features are detected by the increased density
satellite measurements which remain undetected by observations at the RAOB scale. Secondly, differences
between satellite-derived and surface-estimated total moisture can indicate vertical moisture extent. Finally,
time-changes in the satellite-derived total moisture fields are shown to be similar in pattern to moisture changes
estimated from surface observations. Verification of such temporal changes can be found both in comparison
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to surface-estimated total moisture and by advection of moisture by the 700 mb wind.

1. Introduction

The retrieval of meteorological parameters from
TOVS (TIROS Operational Vertical Sounder) mea-
surements has been accomplished by several groups
and has been documented in the published literature.
However, most of these studies have dealt mainly with
satellite temperature retrieval capability. The main
emphasis of this work is the moisture retrievals, on
which the published results are fewer. (In this paper,
“moisture” refers to vapor-phase water only.)

Moisture tends to vary rapidly on small space and
time scales and thus requires high space and time res-
olution, Wark ez al. (1974) did some of the first me-
soscale moisture analyses using high-resolution satellite
measurements. Smith e al. (1979a) also analyzed
moisture at the mesoscale. However, most previous
work has dealt with synoptic-scale retrievals and
comparisons to the RAOB network.

Gruber and Watkins (1979) determined that total
column precipitable water was “reasonably well rep-
resented” by the TOVS retrievals. Their results in-
cluded a rms precipitable water difference (compared
to RAOBSs) of 6 mm, or about 27% of a mean value
of 23 mm. They pointed out, however, that moisture
data at individual levels were at best marginal. This
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result is due to both the layered structure of the at-
mosphere and the inherently low vertical resolution
of the satellite sounder. However, Hayden ef al. (1981)
showed that strong horizontal moisture gradients can
be clearly defined by the TOVS measurements which
are consistent with conventional observations. Moyer
et al. (1978), using HIRS-1 (High-Resolution Infrared
Radiation Sounder) data, achieved an rms dew point
temperature difference of 7.3 K for all levels and sta-
tions for a single pass of HIRS-1 retrievals. This was
a large difference for retrieved moisture at any single
level, but when the moisture was analyzed in terms of
integrated precipitable water the discrepancy was 2.6
mm of H,O which represented only 20% of the to
precipitable water. ;

~ In this study moisture parameters are retrieved from
single satellite views at the same resolution as the syn-
optic surface observations. The surface observations
come close to matching the high-resolution capabilities
of satellite soundings even though the surface obser-
vations typically have a mean separation of at least
100 km. A point which must be stressed is that the
synoptic surface observations of temperature and dew
point were used in this study only for comparison to
similar satellite-derived parameters.

Besides obtaining satellite soundings at the mesoscale
(below 250 km), this study is an attempt to obtain
high time resolution using HIRS-2 data. The time res-
olution of HIRS-2 is limited by the polar-orbiting sat-
ellite platform, but it gives a hint at the capabilities of
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satellite soundings which can be obtained from geo-
synchronous orbit (Smith et al., 1981; Chesters et al.,
1982).

The retrieval of moisture parameters from satellite
measurements is generally more difficult than the re-
trieval of temperature parameters. This is true because
water vapor is a highly variable absorbing and emitting
constituent which causes strong changes in H,O chan-
nel weighting functions. In the case of temperature
retrievals the absorbing constituent, CO,, has a rela-
tively constant mixing ratio throughout the atmo-
sphere. The temperature is merely a characteristic of
the absorber, so temperature variations leave the
weighting functions largely unchanged. However, the
effect which moisture has on the weighting functions
must be considered in every step in the retrieval process
in which the moisture changes.

Another degree of difficulty in retrieving moisture
information from satellite measurements arises because
the moisture lies largely near the surface, and mete-
orological parameters near the surface are typically
harder to retrieve than those in the middle levels. Much
of the difficulty arises because of the strong effect of
the boundary or surface temperature upon the satellite
radiances. To determine moisture the surface skin
temperature must be either known or retrieved in-
dependently of the atmospheric channels. The retrieval
scheme, therefore, allows the surface skin temperature
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to be determined from satellite window channels alone
and to float free of the temperature profile above the
surface.

2. Satellite data

The satellite data used in this study are measure-
ments obtained from the infrared sounding channels
on the TIROS-N polar-orbiting satellite series. These
infrared channels are designed to probe the vertical
temperature and moisture structure of the atmosphere
by employing frequencies which vary greatly in their
atmospheric absorption. One inherent drawback of in-
frared measurements is their inability to sound below
clouds, so in this study no satellite retrievals were pro-
duced in cloudy situations.

The TOVS system (Schwalb, 1978; Weinreb et al.,
1981) consists of three instruments: 1) HIRS; 2) the
Stratospheric Sounding Unit (SSU); and 3) the Mi-
crowave Sounding Unit (MSU). Only the HIRS-2 or
infrared data were used in this study. The weighting
functions (for a standard atmosphere) for the TOVS
channels used in this study are shown in Fig. 2.1 (Smith
et al., 1979b). TIROS-N and NOAA-6, both of which
carry the TOVS instrument, are polar-orbiting satellites
with sun-synchronous orbits. TIROS-N has local 0400,
1600 equator crossing time and NOAA-6 has local
0800, 2000 equator crossing times.
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FIG. 2.1. Selected TOVS weighting functions [after Smith ez al. (1979b)].
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One of the periods when both TIROS-N and NOAA-
6 were in synchronization, viewing nearly identical
regions of the earth on successive passes, occurred on
30 September 1980. TIROS-N viewed the earth on a
descending node (toward the equator) at approximately
1000 GMT (0400 LST) as shown in Fig. 2.2, and
NOAA-6 followed a similar pattern (not shown) at
approximately 1400 GMT (0800 LST). This 4-hour
difference allows an examination of changes in the
satellite-derived meteorological variables, especially
moisture, during a small time span and at high spatial
resolution. Data coverage was continuous along the
satellite sub-track except for a calibration period every
40 scan lines. The calibration sequence lasts for a period
equivalent to three scan lines, thereby skipping a swath
about 120 km wide. A special objective analysis pro-
cedure has been developed elsewhere to interpolate
into such calibration gaps when a continuous field is
desired or is necessary (Lipton and Hillger, 1982).
Besides the infrared sounding channels, much higher
resolution visible (1 km) and infrared (8 km) imagery
from geosynchronous orbit was used to help determine
when clouds were contaminating the satellite sound-
ings. These Geostationary Operational Earth Satellite
(GOES) images also give a good indication of the me-
teorological situation under study. Figure 2.3a shows
the visible image at 1430 GMT 30 September 1980,
which is one half hour past the 1400 NOAA-6 pass
(henceforth all times are GMT unless otherwise stated).
The central United States from Minnesota into Okla-
homa is partly covered by a layer of fog. The GOES
infrared image closest to the TIROS-N pass at 1000
is given in Fig. 2.3b. At this time little if any fog is
indicated, but portions of the region that later produce
fog appear warmer (darker) than the surrounding clear
areas. One explanation for this warm appearance rel-
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FIG. 2.2. TIROS-N descending orbit (equatorward) for ~ 1000
GMT (0400 LST) 30 September 1980. HIRS-2 sounding positions

are shown.
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FIG. 2.3. GOES images for (a) 1430 (visible) and (b) 1000 GMT
(infrared) 30 September 1980.

ative to surrounding areas is that the latter areas are
drier and not as radiatively insulated, thereby allowing
a stronger nocturnal cooling to take place (Parmenter,
1976). These dry areas show strong thermal inversions
in the 1200 RAOB data.

3. Conventional data

Two sources of conventional data were used: 1) ra-
winsonde soundings (RAOBs), and 2) surface weather
observations. The rawinsondes were used mainly to
provide the initial guess temperature and moisture
profiles for the iterative satellite retrieval system. Be-

‘cause the rawinsondes were the only source of con-

ventional upper-air data, they were also used for com-
parison to the satellite-derived upper-air parameters
at the synoptic scale.
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The only RAOBs taken during the time period under
consideration were the 1200 observations, midway be-
tween the two satellite sounding times of 1000 and
1400. This places the RAOBs within 2 hours of the
satellite measurements. The RAOBs outlined by the
solid box in Fig. 3.1 were averaged to provide the
starting temperature and moisture profiles for the it-
erative retrieval process. (The dashed box is the area
where the higher-density satellite retrievals were later
performed.) Of the 27 RAOBs which went into the
composited initial guess, all but Fort Sill, Oklahoma
(FSI) are part of the NWS sounding network which
has a typical spacing of at least 250 km.

There were some large differences among the in-
dividual soundings which went into the composited
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mean profile, especially with regard to the moisture
and temperature structure near the surface. If the
moisture profiles can be divided into three regimes,
they would be characterized by 1) deep moisture, 2)
a shallow moist layer near the surface with overlying
dry air, and 3) relative dryness throughout the tro-
posphere. Green Bay (GRB) and Salem (SLO), with
deep moist layers from the surface to as high as 75
kPa (750 mb), are the moist extreme, whereas Topeka
(TOP) and Fort Sill (FSI) typify the dry-over-moist
situation with shallow moist layers of less than 10 kPa
thickness (TOP sounding shown later). At the dry ex-
treme are Omaha (3NO) and Amarillo (AMA). Other
soundings displayed intermediate degrees of each of
these three broad regimes.
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FIG. 3.1. Synoptic RAOBs taken at 1200 GMT 30 September 1980.
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Many of the RAOB soundings contained shallow
temperature inversions with temperature increases with
height of around 10 K within the lowest 2 kPa. Sound-
ings typical of these large temperature inversions oc-
curred at North Platte (LBF) and Omaha. These in-
versions, however, were removed from the soundings
when creating the composite temperature profile, be-
cause this one composite profile was used as the initial
guess for all retrieved soundings at both 1000 and 1400.

The surface weather observations were used only
for verification of the satellite-derived meteorological
parameters at the surface observation scale. Surface
observations were obtained at 0900, 1200 and 1500,
the synoptic reporting times surrounding the TIROS-
N and NOAA-6 satellite passes. Table 3.1 gives the
number of reporting stations at each of the three syn-
optic times. The meteorological variables which were
extracted from each of the synoptic surface stations
were the temperature, dew point temperature and rel-

ative humidity. Since these three surface parameters

are the only variables which were obtained at a density
approaching that of the satellite data, they formed the
basis for our satellite-conventional data comparisons.

In recent meteorological history there have been
many attempts to use surface moisture measurements
to estimate the total atmospheric water content. Reitan
(1963) rekindled an interest in the relationship between
surface dew point and precipitable water by using mean
monthly values of both parameters to determine the
coefficients a and b such that

InPW = a + bTy, (3.1)

where PW is the precipitable water (mm) and Ty is
the surface dew point (°C). His mean monthly values
for 15 United States RAOB stations over a period of
3 years gave a correlation coefficient of 0.98, and
the coefficients turned out to be a = 2.413 and b
= 0.061 (°C)"..

Bolsenga (1965), using the same relatlonshxp, denved
coefficients of @ = 2.420 and b = 0.077 (°C)™! for 72
mean daily values with a correlation coefficient of 0.85,
and ¢ = 2.243 and b = 0.069 (°C)™! for 97 hourly
values with a correlation coefficient of 0.80. These
results prompted Smith (1966) to conclude that “the
longer the time period over which the mean values of
water vapor content and surface dew point are formed,
the more unique the relation is between these two
variables”. .

TABLE 3.1. Synoptic surface observations (32-45°N, 87-101°W).

Time (GMT) Number of observations
0900 101
1200 123
1500 126
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FIG. 3.2. Plot of total precipitable water versus surface dew point
temperature for the 36 selected RAOB sites in Fig. 3.1. A linear
Jeast-squares regression line has been fit to the points.

In studying the temporal and spatial variability of
precipitable water, Benwell (1965) found that ‘“the ob-
served value of precipitable water is not normally a
good estimate of the value at that place 12 hours later.”
His study included 5 months of data from three At-
lantic Ocean weather stations; his interest was in ob-
taining estimates of precipitable water based on higher-
density surface observations over the ocean. He also
concluded that the correlation coefficients between
surface moisture and total water “are considerably
higher than the autocorrelation coefficients over periods
of 12 hours or more and seem likely to be higher than
the autdcorrelation for periods as short as six hours.”
In other words, it is better to estimate the precipitable
water from surface moisture than to assume persistence
for periods much longer than 6 hours.

It was thought to be possible to use the surface dew
point measurements in this study to estimate the total
precipitable water at a higher density than that of the
synoptic RAOB:s. First, the relationship of total water
to surface dew point was established for the 1200
RAOBs as shown in Fig. 3.2. Points are plotted for
36 RAOBs as well as a least-squares line fit to those
points. The 36 RAOBs include those from the 27 cir-
cled RAOB sites which went into the initial guess profile
and nine other RAOB sites outlined by squares in Fig.
3.1. The extra RAOB sites to the south were especially
helpful in establishing the regression line by supplying
a set of moist soundings in the upper right corner of
Fig. 3.2.
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The equation for the regression line is given as
InPW = 2.093 + 0.074T,. 3.2)

The coefficients a and b are specific to this one date
and time but are only slightly different than those given
earlier. The correlation coefficient between the variables
is 0.81 (66% explained variance). By eliminating a few
outlying points the correlation can be increased, but
the equation for the line remains almost unchanged.

Fig. 3.3a shows the RAOB-measured total precip-
itable water which ranges from less than 8 mm in
western South Dakota and Colorado to over 40 mm
in the southern parts of the United States. The differ-
ences between the RAOB and surface-estimated values,
using Eq. (3.2), are shown in Fig. 3.3b. A large region
of negative values extends from Texas into Minnesota.
These are generally dry-over-moist situations where
the surface-estimated total water values are greater than
the actual values. This is also approximately the region
where the fog forms. On the other hand, positive values
show where the troposphere is moist through a large
depth and occur to the east of the fog area. These
differences, therefore, designate regions where the at-
mosphere is dry (—) or moist (+) aloft as indicated
both by the RAOBs and the satellite images.
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FiG. 3.3a. Total precipitable water (mm) from RAOBs
at 1200 GMT 30 September 1980.
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FIG. 3.3b. Precipitable water difference (mm) (measured minus
estimated from surface dew point) for RAOBs at 1200 GMT 30
September 1980. The differences denote areas of dry (negative values)
and moist (postive) aloft.

For comparison with retrieved moisture profiles it
is necessary to assume a vertical distribution relating
the total water to the surface mixing ratio. One such
distribution is the power-law decrease in mixing ratio
with pressure p,

(D) = Omax(P/Pmax)"> (3.3)

used in the Smith (1966) theoretical development,
where Qp.x is the surface or maximum mixing ratio
at p = pmax- When inserted into the precipitable water
integral

'Pmax

U=g"' Q(p)dp, (3.4
where U is the precipitable water and g the gravitational

acceleration, the result is

Qmaxpmax
= XmaxTmax 3.5
gy + 1) 3-3)
Inverting Eq. (3.5) results in
- OmaxPmax -1. (3.6)

gU
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FiG. 3.4. Exponent for a power-law mixing ratio decrease with
pressure as a function of surface dew point temperature. Results are
based on Eq. (3.6) and precipitable water is determined by Eq. (3.2).

The exponent v can then be found as a function of
the surface mixing ratio or dew point temperature, and
the total water U which is estimated from the surface
dew point by using a relationship of the form of
Eq. (3.1).

For the surface dew point to precipitable water re-

lationship found for the 1200 RAOBs in Eq. (3.2), the

exponent v varies slightly with dew point as shown in
Fig. 3.4. A mean value for v of approximately 3.5
would represent most situations. This value can be
used to construct an estimated moisture profile given
only a surface dew point temperature and pressure.
This technique will be used later for comparisons with
satellite-derived moisture profiles.

4. TOVS retrieval system

The retrieval scheme used to obtain the high-reso-
lution TOVS (HIRS-2) soundings is based on software
similar to that used previously for HIRS-1 data (Hillger
and Vonder Haar, 1981). Modifications were intro-
duced to accomodate particular problem areas pre-
sented by this study.

First, retrievals were done only under clear condi-
tions, so the cloud problem was reduced to detection
and elimination of cloud-contaminated soundings.
After cloud elimination, the next step was to correct
the shorter wavelength infrared channels which are
susceptible to reflected solar radiation. This was only
necessary for the 1400 pass from NOAA-6. The cor-
rection technique used is similar to that used by Hay-
den et al. (1981).

Second, a special problem was introduced by the
existence of strong surface temperature inversions in
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this data set. To deal with this problem a temperature
inversion had to be introduced into many of the night-
time retrieved temperature profiles to produce a me-
teorologically and physically reasonable solution to the
radiative transfer equation.

Next, a terrain height correction was necessary be-
cause the satellite retrievals covered a large area where
terrain elevations varied greatly. Surface pressures were
estimated using the hydrostatic relationship and mean
terrain elevation data for the area under study (Hillger,
1983).

Finally, the interactive moisture feedback mecha-
nism, which allows feedback to the moisture profile,
required modification for noctural inversion situations.

a. Cloud detection

The technique used for cloud detection depended
on the time period under study. For the 1400 (after
sunrise) satellite data the cloud detection was simplified
by a visible window channel at 0.69 um. The visible .
reflected radiance was not examined directly, but as
a fraction of its maximum possible value (assuming
reflectance = 1.0). This was called the bi-directional
reflectance (percent). A value of 40% was used as the
cloud-no cloud threshold, with larger values of re-
flectance due to clouds.

An alternate means of cloud detection utilized the
window brightness temperature difference (WBTD)
between the 3.7 and 11 um window channels. (The
brightness temperatures at 3.7 and 11 um are not cor-
rected for atmospheric attenuation.) This value is plot-
ted and contoured in Fig. 4.1. Shading is used to des-
ignate values greater than 10 K and matches well the
cloudy area shown in the visible image in Fig. 2.3a.
Small brightness temperature differences occur in the
clear areas. The large WBTD values are due to both
reflected visible radiation at 3.7 um (none at 11 pym)
and different amounts of atmospheric absorption of
these two wavelengths. (The 3.7 um channel typically
has a larger brightness temperature than the 11 um

‘channel because of lower atmospheric absorption.) The

reflected radiation effect is dominant during the day,
so large brightness temperature differences can be used
to detect clouds.

A plot of the WBTD values versus the bi-directional
reflectance is given in Fig. 4.2 and shows a strong
relationship. Soundings with both values below their
respective thresholds of 10 K and 40% are most likely
clear. Those above both thresholds are most likely
cloudy. Others are possibly either partly cloudy (WBTD
> 10 K but bi-directional reflectance < 40%) or possibly
completely cloudy with a uniform cloud top (bi-di-
rectional reflectance > 40% but WBTD < 10 K).

At night the cloud detection is hindered by the lack
of reflected visible radiation. However, the WBTD val-
ues can still be used. Since the visible radiation com-
ponent at 3.7 um is gone, the WBTD values are reduced



May 1984

L. NG KT UD&

00°28

1%

00°0%

00°RE

N 930) 30011107
* 00°8€

00¢t

30 Sept 1980
1400 GMT
ATg (K) (3.7-11 um)

DONALD W. HILLGER

711

50 8.

(=]

LATTUOE (DEG M)

TN
%0

X
o

>

FiG. 4.1. Window brightness temperature difference (K)
(3.7-11 um) at 1400 GMT 30 September 1980.

and may even be negative due to variations in the
surface emittance. By comparing the nightime WBTD
values (not shown) to the nightime infrared cloud im-
age in Fig. 2.3b it appears that values greater than
approximately 4 K are due to clouds and are thus
rejected. ‘

So, by using differences between two window chan-
nel measurements, most cloudy situations can be de-
tected both during the day and at night. Thin or small
clouds, however, can remain undetected. With most
cloudy values eliminated, temperature and moisture
profiles can be retrieved by assuming clear column
‘conditions.

b. Nocturnal surface temperature inversions

During the nighttime or early morning hours noc-
turnal cooling can allow a temperature inversion to
develop near the surface. This temperature inversion
is typically shallow and is not easily sensed by satellite
measurements. Paulson and Horn (1981) recognized
and warned of the nocturnal inversion problem in the

retrieval of temperature profiles from Nimbus-6 HIRS
radiances. As a result, a nocturnal inversion is allowed
when it is implied by the window channel radiances.

The first step in determining whether a temperature
inversion exists is to look at the surface skin temper-
ature implied by the three window channels at 3.76,
3.98 and 11 um. In clear, dry situations these three
window channels typically give very similar brightness
temperatures. The maximum of these three window
brightness temperatures, after correcting the shorter
wavelength windows for reflected solar radiation, is
used as the surface skin temperature for the initial
guess temperature profile which is a composite of 1200
RAOBs. A temperature inversion (temperature re-
duction) at the surface is allowed as the first step in
the retrieval process if the maximum window bright-
ness temperature for a particular spot is lower than
the air temperature at the surface given by the initial
guess profile. In a similar manner, if the maximum
window channel brightness temperature at another
position is larger than the initial guess surface air tem-
perature, the surface skin temperature is increased,
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FIG. 4.2. Scatter plot of window brightness temperature difference
(3.7-11 um) versus bi-directional reflectance for the area from 32-
45°N, 87-101°W, for the 1400 GMT 30 September 1980 satellite
pass. A correlation coefficient of 0.83 is given.

thereby allowing a larger lapse rate or even possibly
allowing a superadiabatic layer to be represented near
the surface.

Using the maximum window channel brightness
temperature to determine the surface temperature for
the initial guess profile has the effect of allowing the
surface skin temperature to float free of the atmospheric
temperature profile. This seems appropriate in situa-
tions where the surface skin temperature can vary
greatly in space and time. This also allows the same
initial guess profile to simulate lapse rates near the
surface which range from inversion to superadiabatic,
.especially when the layer is shallow as is true in the
cases examined. As a result, vertical temperature detail
can be added near the surface as required. However,
the thickness of this lowest layer is limited by the dis-
tance between the lowest (non-surface) retrieval level
and the surface. '

An example of an added surface temperature in-
version is shown in Fig. 4.3. The Huron South Dakota
(HON) sounding at 1200 30 September 1980 is shown
to have a strong but shallow temperature inversion.
The composite initial guess temperature profile is also
shown as it is originally given but with an inversion
as implied by the maximum window channel bright-
ness temperature at 1000. The large discrepancy be-
tween the two surface temperatures may be due to
their 2-hour time difference.

¢. Iterative feedback mechanisms

The basic iteration loop for the TOVS’(HIRS-Z)
retrievals uses the differences between the.observed
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" radiances and the radiances calculated for the initial

guess profile as feedback to correct the initial guess
sounding. Appropriate channels are used to feedback
to the surface temperature, the moisture profile, and
the temperature profile.

The surface temperature feedback is a modification
of that used previously (Hillger and Vonder Haar,
1981). The modification is due to the use of three
instead of two window channels in the surface tem-
perature feedback. The feedback equation for iteration
n becomes ’

3 3
Tsfc(n+l) = (2 ﬂ,sfc(n+l)7i,sfc(n))(z Ti,sfc(n))_la (4 l)
' i=1 Co- i=1
where the T """ are determined from the approx-
imation
L@, T;se"") = L@, Tse™) + AL (7, 5)!

and the inverse Planck relationship. The correction
term is given by :

AL = L;gos = Ligac™.

The new surface temperature is a weighted average
of the temperatures suggested by each of the three

HON 72654
30 Sept 1980
\\‘/ 1200 GMT

Composite

Initial Guess

30 Sept 1980
1200 GMT

’

FIG. 4.3. An example of a surface temperature inversion added
to the initial guess temperature profile by using the maximum window
channel brightness temperature as a floating surface temperature.
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window channels i, and the weights are the surface
transmittances 7; for each channel. The surface tem-
perature suggested by each channel is based on the
radiance difference (observed minus calculated) and
is inversely proportional to the surface transmittance
in that channel.

The moisture feedback requires special modification
when applied in nocturnal inversion situations. The
formula used to update the mixing ratio Q(p) for it-
eration » at any pressure p is

3
> SMALMAT™(p)
n — n i=1
Q"N(p)= Q(p)| 1 —- 3 ,

AT p)

i=1

4.2)
where
A7i(p) = 1:(Pm) — Ti(Pm+1)

is the weighting function for each of the H,O channels
and S; is the factor for converting from radiance
change to mixing ratio change.

The S factors relate how the radiance in a given
channel changes with the moisture profile. Typically
the H,O radiance decreases with increasing atmo-
spheric moisture content. This is true because with
increased moisture (or absorber) amount the trans-
mittance of the atmosphere decreases and the resulting
weighting function peaks higher in the atmosphere, or
at cooler temperatures. Since more of the radiance
arises from cooler portions of the atmosphere, the in-
tegrated radiance is reduced. The effect, however, is
reversed if a strong temperature inversion exists, espe-
cially at the surface. The physical dimension of S is
percent change in mixing ratio per change in radiance
L (i.e., inverse radiance units). A more complete ex-
planation of the calculation of the .S factors is given
in the Appendix.

The effect of surface skin temperature and air tem-
perature differences on the radiance response to mois-
ture variations is summarized in Fig. 4.4. Shown are
brightness temperatures calculated for the three H,O
channels as a function of total atmospheric precipitable
water, based on the United States standard atmosphere
with T, equal to the air temperature at the surface.
The results of the surface skin temperature Ty, mod-
ified by adding and subtracting 10 K from T, are
shown by the dotted and dashed lines, respectively.
Channel 12 at 6.7 um is virtually unaffected by the
surface and shows, as a control, how the water vapor
radiance (or brightness temperature) typically decreases
with increasing moisture content. A similar effect oc-
curs at 7.3 pm which has only a slight surface con-
tribution. However, the most transparent H,O channel
at 8.2 um changes its slope as a function of the surface
temperature departure. For a 10 K increase in the
surface temperature the “normal” effect of decreased
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radiance with increased moisture is more pronounced,
but with a 10 K temperature inversion (decrease) at
the surface the effect of changing moisture on the cal-
culated radiance is reversed (the dashed line for Chan-
nel 10). In this case the S factor for this channel would
be reversed in sign, to reflect the increase in radiance
with increased moisture. The magnitude of S is initially
calculated based on the guess temperature and moisture
profiles and the initial surface skin temperature. The
S factors are then updated before each moisture it-
eration based on the new temperature and moisture
profiles and surface skin temperature.

Empirical evidence of the increase in radiance with
increase in moisture under inversion conditions is given
by Parmenter (1976). In nighttime infrared images,
moist areas appear darker (warmer) than adjacent drier
areas. This effect may be caused partly by the moist
atmosphere acting as a blanket to keep the surface in
that region warmer than in adjacent dry regions. Par-
menter, however, notes that early morning surface
heating quickly destroys this infrared pattern. Gurka
(1976) also noted that moist areas appear warmer at
night. His explanation pointed to the effect of the moist
air upon the radiating surface causing variations in
surface temperature, but he also said that the surface
temperature measurements at instrument shelter height
do not always confirm this radiative effect. It is possible
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that the effect noted by these two authors is not entirely
due to a surface temperature variation from moist to
dry areas. In a surface temperature inversion situation
the moist areas would appear warmer because of the
increased absorption and emission from the higher,
warmer layers. ]

Finally, the feedback for the temperature profile is
accomplished using the relaxation formula for iteration
n

4
> ALPAT Y p)
. in ot =1
L[i, T"*%(p)] = L[i, T"(p)]| | + ———— |,
>, A7, "(p)

i=1

(4.3)
where
Ali(n) = (Li,obs - Li,calc(n))/ Li,calc(n)

is the normalized radiance difference. As with the
moisture feedback, this difference is a function of the
channel / and causes the maximum change in the tem-
perature profile where the weighting function Ar; for
that channel has its peak. For the temperature feedback
only the four most transparent CO, channels were
used because of the emphasis on lower-tropospheric
moisture results.

The order of these feedback mechanisms alternates
between the moisture and temperature profiles with
the surface skin temperature feedback occurring before
each change to the moisture or temperature profile.
The surface temperature feedback is computed first
and more often because of its strong effect on the
radiative transfer equation. Each iteration cycle, there-
fore, consists of feedback to: in order, 1) the surface
temperature; 2) the moisture profile; 3) the surface
temperature again; and 4) the temperature profile. After
each change in the moisture or temperature profile the
transmittances are recalculated using software devel-
oped by NOAA/NESDIS personnel (Weinreb et al.,
1981). Iterations are continued until either three it-
eration cycles have passed or the radiance residual

~does not decrease. This residual is the rms difference
between calculated and observed radiances for all
channels used in the iterative process.

5. Retrieval results

The retrieval system outlined in the last section was
used to produce fields: of high-resolution satellite
soundings for the 30 September 1980 case. The two
sets of HIRS-2 measurements at 1000 and 1400 were
analyzed independently, except for a common initial
guess sounding composited from the 1200 RAOBs.
The satellite-derived meteorological parameters were
then compared quantitatively to conventional mea-
surements at both the RAOB and surface observation
scales. In addition, the satellite-derived water vapor
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fields were compared qualitatively to fields of moisture
estimated from conventional surface measurements.
Changes in the fields over the 4-hour time span were
also examined.

a. Satellite-RAOB comparisons

As mentioned previously, the RAOBs were only
available at 1200, midway between the two satellite
passes at approximately 1000 and 1400. For this reason
comparison of satellite-derived values to conventional
RAOB measurements includes a time separation of 2
hours. Of the 27 RAOBs in the initial guess .profile,
those within 150 km of a satellite measurement position
were used for this comparison. However, because of
limitations on the satellite data availability due to cal-
ibration gaps and clouds, only 17 and 12 satellite—
RAOB pairs were available at 1000 and 1400, respec-
tively. The lower number of pairs at 1400 is due to
extensive cloudiness at that time.

The results of the satellite—-RAOB comparisons are
shown in Table 5.1. Comparisons of the 1200 RAOBs
to the 1000 and 1400 satellite-derived parameters at
several standard levels are given separately by means
of correlation coefficients, mean differences (biases),
and rms differences.

Many of the satellite—-RAOB comparisons show high
correlations. (The square of the correlation coefficient
represents the proportion of the variance in one set of
measurements which can be explained by the other
set of measurements, i.e., the explained variance.) For
the retrieved temperatures the correlations with RAOB
temperatures only fall below 0.60 (36% explained vari-
ance) at and above 30 kPa. This is due to the use of
only the more transparent CO, channels in the retrieval

TABLE 5.1. Satellite-RAOB comparisons.

1000 versus . 1400 versus

1200 GMT 1200 GMT
rms rms
Parameter Correl. Bias Diff. Correl. Bias Diff.

Temperatures (°C).

Surface (0.62) 0.1 3.0 (0.60) 6.6 7.2
85 kPa (0.88) 3.2 46 (0.82) 4.0 6.5
70 kPa ©0.71) 5.2 67 (0.72) 5.8 79
50 kPa 0.91) 4.9 57 (0.94) 5.6 6.8
40 kPa (0.84) 24 39 (0.83) 3.8 5.6
30 kPa (0.62) 1.6 3.8 (0.48) 37 58
20 kPa (-0.09) -07 7.8 (0.38) ~04 99
Rad. sfc temp (°C) 0.57) —4.1 48  (0.63) 4.1 5.1

Total PW (mm), (0.66) 3.4 48 (0.72) 4.8 6.5

Dew point temp (°C):

Surface 0.55) =32 44  (0.46) 29 5.3
85 kPa (0.34) 3.6 101 (0.33) 5.1 9.2
70 kPa (0.31) 7.9 109 (0.36) 6.5 10.7
50 kPa (0.28) 8.2 9.9  (0.05) 88 103
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process. The highest temperature correlations occur at
50 kPa. Mean temperature differences (biases) are quite
large and positive at all but 20 kPa. No attempt was
made to eliminate these biases. Using similar mea-
surements Phillips ef al. (1979) and Schlatter (1981)
obtained biases of about 1 K except near the surface.
A much larger positive bias near the surface at 1400
shows the effect of increased surface heating after sun-
rise. Large rms differences are probably a result of
instability in the combined moisture-temperature
feedback, as well as the time difference between the
two sets of measurements.

The radiative surface temperature is the value de-
rived from the satellite window channels. The biases
for the radiative surface temperature are negative and
positive for 1000 and 1400, respectively. Diurnal
changes expldin why the radiative surface temperature
is lower before sunrise (1000) and higher after sunrise
(1400), creating the negative and positive biases.

The moisture comparisons show the highest cor-
relations for the total precipitable water. The positive
total water biases are probably linked to the positive
temperature biases. An overestimation of temperatures
will lead to an overestimation in moisture, and vice
versa. Root-mean-square precipitable water differences
are 4.8 and 6.5 mm at 1000 and 1400, respectively.
For a mean total water of 25 mm these rms values
represent 19 and 26% of the mean, respectively.

Although the dew point temperature comparisons
show lower correlations than those for temperatures,
the highest correlations are at the surface where more
water typically resides. Biases are again positive except
for the surface dew points at 1000. These values are
strongly linked to the surface temperatures because at
1000 saturation occurred at the surface at many re-
trieval locations. Root-mean-square differences are 4.4
and 5.3 K, respectively, for the surface dew points in
the two comparisons.

Considering these large rms differences and biases,
the solution procedure is not optimized for error re-
duction. For the nocturnal inversion situations under
study, the vertical atmospheric structure is highly vari-
able near the surface. This proves to be a difficult task
for the satellite sounder, especially without the use of
surface observations. These quantitative comparisons
should therefore not be considered as state of the art.
Later comparisons will show that satellites can detect
spatial features (gradients) comparable to those given
by high density surface observations.

b. Satellite-surface observation comparisons

The conventional synoptic surface observations, as
mentioned before, were used only for verification of
the satellite-derived surface parameters. The typical
synoptic surface observation spacing is approximately
100 km. The satellite-derived surface parameters, on
the other hand, can be separated by as little as ~30
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km. However, for comparison purposes the satellite
soundings were retrieved at the same approximate
density as the surface observations.

In order to compare the nonsynoptic satellite-derived
values with the surface observations taken at synoptic
times, the synoptic surface observations were linearly
interpolated in time to both 1000 and 1400. Because
not all observing stations reported at each synoptic
time, there are fewer interpolated values than measured
values at the surrounding synoptic times; there are 94
and 112 interpolated observations at 1000 and 1400,
respectively.

For each of the time-interpolated observations the
closest satellite-derived value was chosen for compar-
ison. The only limitation was that the satellite value
had to be within 60 km of the synoptic station. For
this reason, and since the satellite-derived values were
sometimes unavailable, the number of satellite—con-
ventional pairs was reduced to 75 and 63 at 1000 and
1400, respectively.

The three surface variables which were compared
are the temperature, the dew point temperature, and
the relative humidity, with results shown in Table 5.2.
Also shown is a comparison of the satellite-derived
total precipitable water versus the precipitable water
estimated from the surface dew point temperatures.
Separate columns are used to give the satellite-versus-
surface correlation coefficients, mean differences
(biases), and rms differences at both 1000 and 1400.
In the retrieval process no special attempt was made
to eliminate a bias in the satellite-retrieved parameters.
A positive bias, for example, indicates that the satellite-
derived values are larger than the conventional values
and vice versa.

As in the case of the satellite~-RAOB comparison,
the rms differences are the standard “error” analyses
which are typically shown in most satellite—conven-
tional comparisons. This difference is not entirely an
error in the satellite products but is composed of errors
in both the satellite and conventional data and dis-
crepancies due to different space and time sampling
methods between the two sets of measurements. Bruce

TABLE 5.2. Satellite-synoptic surface observation comparisons.

1000 GMT 1400 GMT
(75 pairs) (63 pairs)
ms rms
Parameter Correl.  Bias Diff. Correl.  Bias  Diff.
Surface temperature
(°C) (0.53) —4.5 5.2 0.75) -04 2.0
Surface dew point
temp. (°C) 0.59)  -30 4.2 (0.59) 1.8 44
Surface rel. humidity
(%) 0.19) -89 210 (033) —58 247
Estimated total
PW (mm) (0.34) 0.2 5.5 (0.62) 1.8 5.2
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et al. (1977) found that rms temperature differences
with a minimum of ~1 K can be attributed to the
comparison of point versus area-averaged tempera-
tures.

The correlation coeflicients for surface temperature
and surface dew point comparisons range from 0.53
to 0.75. The highest correlation of 0.75 represents a
56% explained variance using satellite retrievals to pre-
dict surface temperatures.

The last row in Table 5.2 shows a comparison of
the satellite-derived precipitable water with the pre-
cipitable water estimated from the synoptic surface
dew point values. The estimated total water values
were obtained by the application of Eq. (3.2) to the
surface dew points. The higher correlation at 1400
than at 1000 is probably the result of inversion breakup
and vertical mixing after sunrise. Biases are less than
2 mm and rms differences are similar to those for the
satellite~RAOB comparisons. The rms values of 5.5
and 5.2 mm are 22 and 21%, respectively, of the pre-
viously-used mean precipitable water of 25 mm.
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1) A CLOSER LOOK AT 1000 GMT

The satellite-derived total water field at 1000 at the
scale of the surface observation is plotted in Fig. 5.1a
(contours are a result of subjective analysis). The anal-
ysis area is the smaller area in Fig. 3.1. More detail
arises at this higher resolution than would appear at
the RAOB scale. Outstanding features include a local
moisture minimum in Illinois. At this resolution the
moisture minimum is separated from the dry region
to the west, whereas at the RAOB scale (Fig. 3.3a) the

- contours were drawn to indicate a dry tongue extending

from Nebraska into Illinois. Other features include a
moisture maximum in Arkansas and a strong moisture
gradient from Arkansas into Missouri.

For comparison purposes, precipitable water has
been estimated from the time-interpolated surface ob-
servations at 1000 by using Eq. (3.2) and is shown in
Fig. 5.1b. Here the contours show a general moisture
gradient from southeast to northwest. Dry regions to
the west and over Illinois are separated by a thin moist
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region of as little as 100 km in width. This moist bridge
agrees somewhat with the satellite-derived precipitable
water field, which shows the dry tongue not linked
from west to east. On the other hand, the satellite-
derived moisture is greater over Arkansas than in the
surface-estimated water contours, but weaker over
Kansas. Differences will exist because of the nature of
the two sets of measurements.

Figure 5.1c shows the difference field created when
the surface-estimated precipitable water values are
subtracted from the satellite-derived values. Because
the estimated total moisture is determined by the sur-
face dew point, it represents a certain moisture lapse
rate or a given decrease in moisture with height. The
satellite-derived moisture profile begins with a given
initial-guess moisture profile and is adjusted to try to
represent the true moisture distribution. If the satellite

provides a better representation of the vertical moisture .

structure, then the satellite-minus-estimated difference
" will show something about the vertical extent of the
moisture. This would be similar in interpretation to
the actual-minus-estimated total moisture differences
plotted at the RAOB locations in Fig. 3.3b. Positive

differences represent regions where the atmosphere is
determined by the satellite to be moist aloft, i.e., more
moisture is detected than is estimated from the surface.
On the other hand, negative differences represent re-
gions where the atmosphere is dry aloft, i.e., less mois-
ture is detected than is estimated from the surface.

Regions with the largest positive differences in Fig.
5.1c cover parts of Wisconsin and northern Illinois,
parts of Nebraska and also parts of Arkansas. Here
the moisture is detected by the satellite to be deeper
than that suggested by a moisture profile estimated
from the surface dew point. Negative values reach a
maximum in Texas and Oklahoma with negative val-
ues extending into Iowa. Not surprisingly, this is also
where the fog, shown in the 1400 visible image in Fig.
2.3a, forms. Regions where the atmosphere is moist
aloft, such as over Arkansas, are not conducive to
radiation fog development, even though lower layers
of the atmosphere may be very moist, because infrared
cooling to space is suppressed.

Following are two examples which serve to compare
precipitable water amounts based on three determi-
nations; an in situ sounding, a moisture profile esti-
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FIG. 5.1c. Difference between satellite-derived and surface-estimated total
precipitable water (mm) at 1000 GMT 30 September 1980.

mated from a surface dew point measurement, and a
satellite-derived moisture profile. The two examples
are from regions of negative and positive differences
between the satellite-derived and surface-estimated to-
tal water, respectively.

Examples of ‘satellite and conventional soundings
in a negative region are shown in Fig. 5.2a. Here the
satellite sounding at 1000 is compared to the 1200
RAOB at Topeka (TOP). Also shown is a power-law
moisture profile generated using Eq. (3.3), with the
exponent determined by Eqgs. (3.2) and (3.6). Because
the atmosphere is dry above a shallow moist layer, the
power-law moisture profile overestimates the moisture
at most levels other than near the surface. The satellite-
derived profile also overestimates the moisture at most
levels except near the surface, but to a lesser degree
than the surface-estimated moisture profile. Thus, a
negative (satellite-minus-estimated) difference is de-
termined for this case. v

Figure 5.2b shows a similar comparison of moisture
profiles for a positive region in Fig. 5.1c. Here surface-

estimated and satellite-derived moisture profiles are
compared to the 1200 Peoria (PIA) RAOB. In this
case the surface-estimated moisture profile underes-
timates the actual moisture in the deep moist layer
near the surface. The satellite-derived profile, on the
other hand, more closely represents this deep moisture
near the surface. The positive difference for the satellite-
derived minus surface-estimated total water indicates
a moist-aloft situation, or in this case a situation where
the moisture is deeper than in the previous example.

In both of these examples, one each from a region
of negative and positive difference, the satellite did
provide a better moisture profile than that estimated
from the surface dew point temperature. By compar-
ison of satellite-derived total water to the surface-es-
timated moisture, which is of little value alone, there
is an indication of vertical moisture structure, if only
in terms of moisture depth. This is important in that
only a few types of moisture profiles are meteorolog-
ically significant. Of basic importance in this case of
fog formation is the vertical moisture extent. The neg-
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HG. 5.2a. Topeka, Kansas RAOB at 1200 GMT 30 September
1980 showing a shallow moist layer near the surface. Dotted line is
a power-law moisture profile based on the RAOB surface dew point
temperature. (See text for further explanation.) Also plotted is the
nearest satellite sounding at 1000 GMT, which does not contain the
vertical detail of the RAOB but which better approximates the dry-
over-moist situation.

ative values of satellite-derived minus surface-estimated
moisture indicate a dry-over-moist situation for a large
portion of the area where the radiation fog forms.

2) FOUR-HOUR TIME CHANGES

One goal of this study was to examine the satellite-
derived moisture values to determine whether moisture
variations could be detected at both high space and
time resolutions. Toward this goal, the satellite-derived
precipitable water field was generated for the 1400
satellite pass, as was previously done for 1000. The
4-hour time change in satellite-derived total precipi-
table water between 1000 and 1400 is plotted in Fig.
5.3a. Outstanding features include a large increase in
moisture along the Iowa-Illinois border and an equally
strong decrease in moisture in the vicinity of north-
eastern Nebraska. Negative values dominated a region
extending from Nebraska into Kansas and Arkansas.

A similar time-change analysis of the surface-esti-
mated total precipitable water is shown in Fig. 5.3b.
Here, the same two features exist. The large increase
in moisture, however, covers most of Illinois, approx-
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imately the region covered by weaker increases in the
satellite-derived field in Fig. 5.3a. The region of strong
negative values covers most of Kansas and spreads
north and south. This is approximately the same region
of maximum moisture decrease shown by the satellite-
derived time change field. However, the largest negative
values in Fig. 5.3b are now in Kansas and not Nebraska.
The shift of the local maxima and minima between
the two fields is related to the depth over which the
moisture change occurs. The surface-estimated total
water values more closely show surface moisture
change, and the satellite-derived values show integrated
moisture change.

A key to the reason why these satellite-derived mois-
ture changes are reasonable is found by looking at the
70 kPa winds at 1200. Benwell (1965) used 70 kPa
wind trajectories to compare advected moisture fields
to those observed at a later time. His conclusion was
that precipitable water is a fairly conservative quantity
which could be advected with the 70 kPa winds. For
this case the 70 kPa wind and streamlines are drawn
in Fig. 5.4. The flow is generally from the north-north-
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Fi1G. 5.3a. Four-hour time change in satellite-derived total precipitable water (mm), at surface

west, with a cyclonic pattern forming in the south-
eastern United States. Using this flow pattern along
with the RAOB total precipitable water pattern in Fig.
3.3b, it is reasonable that moist air has been advected
from Minnesota and Wisconsin into the previously
dry slot in Iowa and Illinois. Also, the decrease in
moisture in Kansas is likely associated with the ad-
vection of dry air from Colorado and western Nebraska
toward the southeast. '

Another possible reason for the increase in moisture
in the Iowa-Illinois region may be low-level conver-
gence causing moist air to be advected vertically from
the surface. The surface wind analysis at 1200 (not
shown) indicates some low-level convergence of mois-
ture although the winds are weak (typically less than
5 m s7!). This additional explanation is plausible be-
cause of the limited ability of midlevel (70 kPa) mois-
ture advection alone, to explain the large (8+ mm)
satellite-derived moisture increase in this region in only
4 hours.

observation scale, between 1000 and 1400 GMT 30 September 1980.

6. Summary and conclusions

A physical, iterative retrieval scheme to derive me-
teorological parameters from satellite radiances has
been developed. Of major interest is the ability to derive
moisture parameters and to use these parameters in
a mesoscale or high-resolution situation. The satellite-
derived meteorological parameters were compared to
conventional data at two scales. Comparisons were
both quantitative, in which satellite-derived parameters
were compared to the equivalent conventional param-
eters by means of correlation coefficients and mean
and rms differences; and qualitative, in which fields
of total precipitable water from the two data sets were
compared and contrasted. Time-differencing was used
to show the ability to obtain mesoscale moisture
changes in time as well as space.

The meteorological situation studied involved the
development of radiation fog which formed in an area
where both sufficient moisture and nocturnal cooling
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FIG. 5.3b. Four-hour time change in surface-estimated total precipitable water (mm) between
1000 and 1400 GMT 30 September 1980.

occurred. Surrounding regions contained either too
little moisture for saturation, or moisture which was
too deep for sufficient radiative cooling to occur.
The availability of the satellite data at 1000 and
1400 GMT from two polar-orbiting satellites presented
the challenge of having to do retrievals both before
and after sunrise, respectively. The main retrieval
problem was caused by the existence of a surface tem-
perature inversion over most of the area under study.
The physical, iterative retrieval scheme was best able
to handle this type of situation by allowing the surface
skin temperature to float free of the temperature profile
above the surface. With this method, either temperature
inversions or superadiabatic layers at the surface can
be added to the temperature profiles. This in effect
adds vertical resolution to the retrieved soundings.
Another reason for recognizing the existence of a
surface temperature inversion involves the satellite
moisture retrieval capabilities. In a noninversion case
the integrated radiances in a water vapor absorption
band typically decrease with increasing moisture.
However, when a temperature inversion exists at the

surface the integrated radiance can increase with in-
creasing atmospheric moisture. By calculating the
moisture feedback values for the situation under study,
the effect of the temperature inversion can be taken
into account. For inversion cases the moisture feedback
is typically reversed in sign and changed in magnitude
from noninversion cases.

Three significant points were obtained from the
comparisons at the higher resolution of the surface
observations. First, the increased data density for the
satellite-derived values show that small scale features
can remain undetected by observations at only the
RAOB scale. Secondly, differences between the sat-
ellite-derived and surface-estimated total water can in-
dicate regions where the atmosphere is dry or moist
aloft, or alternately can indicate the vertical moisture
depth. The third point arises from a comparison of
the 4-hour time change field from the satellite with a
similar field from conventional sources. The compar-
ison shows that the satellite is able to pick up temporal
moisture changes which were similar in pattern to those
estimated by the surface observations. The time change
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fields were reasonable when both advection of moisture’

and moisture convergence were considered. Using 70
kPa streamlines the flow of moisture from both dry
to moist and moist to dry regions could in part explain
the major changes which occurred. Surface moisture
convergence also can be used to explain the time-in-
crease in moisture detected by the satellite.

As this study shows, the satellite can detect sub-
RAOB scale features due to its high-resolution capa-
bilities. In addition, the satellite sounder is capable of
detecting mesoscale moisture tendencies over the rel-
atively short time span examined in this study. This
capability will be enhanced with a time resolution of
up to one-half hour with the advent of geosynchronous
sounders like VAS.

One of the applications for high space and time
resolution moisture fields from satellites is in the anal-
ysis and forecasting of severe weather. Such measure-
ments would be especially useful in analyzing the pre-
convective situation for moisture tendencies relating
to later convective development. In such studies the
moisture information is of great importance because
of its large role in the energy processes relating to storm
development.
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APPENDIX

Numerical Calculation of Moisture Feedback
Conversion Factors

In order to explicitly add the effect of a temperature
inversion into the moisture feedback, it was necessary
to modify the feedback equation originally developed
by Smith (1970). The modifications given here are an
extension of Smith’s development (see also Smith and
Howell, 1971) and are necessary due to numerical in-
tegration by computer.

Starting from Eq. (13) of Smith (1970), the equiv-
alent integral for S; is

o [ o7r(P)
S = J; - U 5U(p) L[k, T(p)],

where U(p) is the precipitable water integrated to pres-
sure level p, 7(p) is the transmittance to level p, and
L is the Planck function of wavenumber k and tem-
perature 7.

In summation form, Eq. (A1) becomes

(A1)

max—1
S'= 3 UnAtimALimAUy ",

m=1

(A2)
where

[jm = [U(pm) + U(pm+1)],

N -

ATim = Tigm = Thymt1s
ALkm = LIk, T(Pm+1)] — Llk, T(Dm)),
AUp = U(Pm+1) = U(Dm).
The precipitable water increases with pressure by

definition, since it is integrated downward:

D
Up) =g" J; Q(p)ép, (A3)
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where Q(p) is the mixing ratio profile. Therefore AU
is positive. Likewise Ar is positive since the trans-
mittance 7 decreases with pressure (increasing m). The
remaining term AL is also positive if temperature T’
increases with pressure. However, this is not always
the case. When a temperature inversion exists at the
surface, then Ty < Tax.

In order to account for the strong effect of a lowered
surface temperature upon the integrated radiance (as
in Fig. 4.4) a term similar to the surface term in the
radiative transfer equation has been added to Eq. (A2):

S = S+ Thomaxd Liste, (Ad)
where
ALk,sfc = L(k, Tsfc) - L(k, Tmax)-

This term will be negative for Ty < Tiax, SO it will
reduce the magnitude of S~!, or even cause it to become
negative. This is especially likely for the most trans-
parent channel since the surface transmittance 7
can be large. If S™! is negative then the reverse effect
of increased radiance with increased precipitable water
can be simulated. Empirical testing has shown that
this actually happens. Unfortunately, the S~ term can
approach zero causing S to approach infinity. This
possibility is eliminated by forcing S to zero as S™!
approaches zero, in such a way that the mapping is
continuous. The reasoning is that as .S~! approaches
zero, the direction of the moisture feedback becomes
uncertain. By forcing S to zero in these cases the un-
certainty is not carried over into large feedback but is
diminished in magnitude. As a resuit of empirical test-
ing, if S~! < 4, then S = $7!/16, is used. Values larger
than § = 0.25 (25%) cause too much moisture feedback.
The units of .S are inverse radiance units.
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