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A new retrieval for cloud liquid water path using a
ground-based microwave radiometer and measurements

of cloud temperature

James C. Liljegren,! Eugene E. Clothiaux,? Gerald G. Mace,? Seiji Kato,*

and Xiquan Dong®

Abstract. A new method to retrieve cloud liquid water path using 23.8 and 31.4
GHz microwave radiometer brightness temperature measurements is developed. This
method does not depend on climatological estimates of either the mean radiating
temperature of the atmosphere T),,, or the mean cloud liquid water temperature
Teoud- Rather, Ty, is estimated from surface temperature and relative humidity
measurements, while Tjonq is estimated using millimeter-wave cloud radar data,
together with atmospheric temperature profiles obtained from either radiosonde or
rapid update cycle (RUC) model output. Simulations demonstrate that the new
retrieval method significantly reduces the biases in the liquid water path estimates
that are apparent in a site-specific retrieval based on monthly stratified, local
climatology. An analysis of the liquid water path estimates produced by the two
retrievals over four case study days illustrates trends and retrieval performances

consistent with the model simulations.

1. Introduction

The critical role of clouds in the radiative balance
of the Earth is widely recognized, as is the uncer-
tainty in our understanding of cloud-radiation interac-
tions [Committee on Earth and Environmental Sciences
(CEES), 1990]. The difficulty in adequately capturing
the effects of clouds in atmospheric general circulation
models (GCMs) due to these uncertainties is also well
documented [Cess et al., 1990]. In their overview of the
Earth Observing System (EOS), Wielicki et al. [1995]
reviewed and emphasized the importance of cloud--
radiation interactions to the Earth climate system.
Among the variables that Wielicki et al. [1995] dis-
cussed in the context of cloud-radiation interactions and
feedback processes, cloud liquid water path (LWP) was
identified as one of the most important.

Evaluation of recent treatments of LWP as a prognos-
tic variable in some GCMs [e.g., Ghan et al., 1997] is
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also of paramount importance. The chief difficulty from
a modeling perspective is that the unresolved sub-grid-
scale variations in cloud liquid water significantly affect
the mean optical and thermodynamic properties within
the model grid box. Somehow these variations must
be parameterized in terms of other prognostic variables
(cloud water, temperature, etc.) in a computationally
efficient manner. To date, the general approach for in-
corporating cloud water sub-grid-scale variability has
been to develop a compact description of the variations
of LWP that would apply to all clouds of a particular
type (e.g., marine stratus) over a range of prognostic
variable values. An example of an approach to quan-
tifying the spatial heterogeneity of cloud-related quan-
tities is based on techniques that seek to describe the
self-similar scaling, or fractal, nature of clouds [Caha-
lan and Joseph, 1989; Cahalan et al., 1994; Davis et al.,
1994].

To develop both a better understanding of cloud-
radiation interactions and more accurate cloud param-
eterizations in GCMs, accurate measurements of LWP
must be available. To acquire such measurements,
the U.S. Department of Energy Atmospheric Radiation
Measurement (ARM) Program [Stokes and Schwartz,
1994] has deployed dual-frequency microwave radiome-
ters [Liljegren, 1994] at its facilities in the U.S. South-
ern Great Plains (SGP), the Tropical Western Pacific
(TWP), and the North Slope of Alaska (NSA). A site-
specific (i.e., restricted to the specific climatology of
the location for which it is derived) statistical retrieval
[Westwater, 1993] was developed for each location to de-
rive LWP and precipitable water vapor (PWV) from mi-
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crowave brightness temperatures. Although the statis-
tical algorithm permits the retrieval of LWP and PWV
from microwave measurements alone, additional mea-
surements are available at the ARM facilities that can
be used to improve the accuracy of the retrieved quan-
tities.

In this paper an improved site-independent statisti-
cal retrieval technique for LWP is presented. This tech-
nique does not depend on climatology and thus may
be applied at any measurement location for which an-
cillary measurements are available for surface pressure,
temperature, humidity, and mean cloud liquid water
temperature (e.g., measurements from millimeter-wave
cloud radar and sounding data). A formulation is also
presented which does not require an estimate of mean
cloud liquid water temperature; for this case the accu-
racy of the algorithm is reduced to that of a site-specific
statistical retrieval. The current site-specific statis-
tical retrieval and the new site-independent retrieval
are evaluated by using simulated radiometer bright-
ness temperature measurements generated with a mi-
crowave radiation transfer model. The site-specific and
site-independent retrievals are also compared with the
results from an iterative physical retrieval by using mea-
surements from four case study days.

2. Methodology
2.1. Theoretical Basis for the New Retrieval

The atmospheric opacity 7 at the measured frequen-
cies of 23.8 and 31.4 GHz is due to the sum of a “dry”
contribution 74yy from the far wing of the 60-GHz oxy-
gen band, a contribution 7y, from the water vapor
resonance centered at 22 GHz, and (for cloudy condi-
tions) a contribution 7n;q from liquid water. We define
a frequency-dependent, path-averaged mass absorption
coefficient for each contributor ¢ as

ki = Jo ki(2) pil2) dz
z fooo pi(z) dz

Value %; has no explicit dependence on the vertical dis-
tribution of contributor ¢, whether it be water vapor
or liquid water. This feature of &;, together with the
measurement frequencies selected, significantly simpli-
fies the LWP and PWYV retrievals, as will be explained
later. We also make use of i, = [k;(2) pi(z) dz,
V = fpvap(z) dz, and L = fpliq(z) dz, where pyap
is the water vapor mass density, V is the integrated
water vapor, piq is the mass of liquid water per unit
volume of cloud, and L is the integrated cloud liquid
water. It follows that Kyap = Tvap/V and RKiq = niq/L
with units of m2/g. It is common practice to normalize
V and L by the nominal density of liquid water, 103
kg/m3, such that these quantities have units of length
and represent the height of an equivalent column of lig-
uid water. As such, V is known as the precipitable
water vapor (PWYV), or simply the precipitable water,
and L is known as the liquid water path (LWP). For

(1)
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PWYV and LWP in millimeters, ¥ would have units of
inverse millimeters. The frequency-dependent opacity
may now be written as

T = Tary + '_‘CvapV + '_fliqL‘

(2)
The dry contribution is then subtracted to yield

" - _
T =T = Tdry = RvapV + Kiiq L,

)

and the two equations (one for each measurement fre-
quency) corresponding to (3) are solved for V and L
as
vV =
L =

(4a)
(4b)

1T + vaTy,
hrf + o7y,

where the retrieval coefficients are given by

— -1
_ _ Klig,1
v = (Kvap,l — Kvap,2 i > ) (5&)
1q,2
Kiiq,2 -
iq, _
—v2 (’fvap, — —’ivap,2> ) (5b)
Klig,1
-1
_ll (K/llq, - Kllq, ) y (50)
Kvap,2

-1
Iy = (th,z — Rlig,1 ,fvap2> . (5d)

Kvap,1
Here the subscripts “vap” and “liq” refer to vapor and
liquid absorption, respectively, and the subscripts “1”
and “2” refer to the vapor- and liquid-sensitive frequen-
cies, 23.8 and 31.4 GHz, respectively.

At each frequency the sky brightness temperature
Tsky measured by a microwave radiometer can be ex-
pressed in terms of extraterrestrial and atmospheric
contributions:

Ty =Tee™ "+ Trr (1—€¢77). (6)

Here T is the cosmic background radiating temperature
(2.73 K), and T)y, is the mean atmospheric radiating
temperature defined as

15 T(2) w(z) dz
Jw(z) dz

Tor = (7

where .

w(z) = a(z) e_fo o) da’ (8)
and & = Kqry pdry + KvapPvap + KligPliq 1S the volume ab-
sorption coefficient. By rearranging (6) the opacity can
be calculated from the measured sky brightness tem-
perature Tgyy:

Tor — T,
:l mr C
T H(T*mr“j‘sky>‘ 9)

Because V and L depend linearly on opacity (4), whereas
the relationship between the opacity and brightness
temperature is (weakly) nonlinear (6), it is preferable to
develop the retrieval in terms of opacity and to trans-
form the measured brightness temperatures to opaci-
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ties via (9) rather than to relate V' and L directly to
the measured brightness temperatures. Note that the
parameter Ty, must be estimated in the retrieval pro-
cedure.

2.2. Site-Specific Statistical Retrieval

In a site-specific statistical retrieval the relationship
between the opacities and the retrieved PWV and LWP
are determined by linear regression over a large data
set, usually consisting of prior radiosonde soundings
launched at or near the desired location, as

vV =
L =

(10a)
(10b)

vo + U1 T1 + V2T,
lo+lim+lom.

Mean values of Ty, (one for each frequency) are used in
(9) to calculate 7y and 75 from the brightness tempera-
tures. The contribution from 74,y is included in the vg
and [y coefficients. Because the retrieval coefficients v;
and [; are constants, T4y and the path-averaged mass
absorption coefficients % are treated as constants in a
site-specific statistical retrieval, even though the latter
coefficients depend on temperature, barometric pres-
sure, and vapor pressure. To achieve a reasonably ac-
curate result with this method, common practice is to
compute retrieval coefficients and mean radiating tem-
peratures for monthly subsets of the a priori site-specific
data set to account for gross variations in the underly-
ing parameters over the course of an annual cycle.

The chief advantages of this method are its simplicity
and reasonable accuracy, especially for PWV. The chief
drawbacks of this method are that it requires a large a
priori data set for the specific location where it will be
applied, it is only valid for that specific location, and it
cannot account for actual variations in the underlying
parameters. This is especially problematic for LWP be-
cause the values of &jjq depend on the temperature of
the cloud and thus on its height and vertical extent.

2.3. Development of a New Site-Independent
Statistical Retrieval

In the new retrieval the mean radiating temperature
Tmr, the oxygen contribution 74ry, and the retrieval co-
efficients vy, vo, 1, and Iy are estimated from measure-

Table 1. Distribution of Soundings
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ments of surface temperature, barometric pressure, va-
por pressure or relative humidity, and (for /; and l5)
Teloud €ach time the retrieval is to be applied. Extensive
radiosonde data from ARM, the Tropical Ocean Global
Atmosphere (TOGA) Coupled Ocean Atmosphere Re-
search Experiment (COARE), the National Weather
Service (NWS), and the Surface Heat Budget of the
Arctic (SHEBA) program were used to develop estima-
tors for these parameters. As Table 1 shows, the sites
from which the soundings were drawn experience a wide
range of atmospheric conditions from polar (Barrow and
Arctic ice pack) to tropical (Manus Island, Papua New
Guinea) to midcontinental (Oklahoma and Kansas) and
from near sea level (Barrow, Arctic ice pack, and Manus
Island) to approximately 1600 m above sea level (Albu-
querque). In this way, the full range of the parameter
space for the retrieval is covered.

Each sounding was integrated to determine V. Be-
cause radiosondes do not measure liquid water, clouds
were inserted into each profile for up to three layers
where the relative humidity over liquid water exceeded
95% [Decker et al., 1978]. Soundings for which the rel-
ative humidity did not exceed 95% at any point were
classified as clear; the remaining soundings were classi-
fied as cloudy (Table 1). For each “cloudy” radiosonde,
three liquid water profiles were produced, corresponding
to high, medium, and low liquid water concentrations,
in order to create a realistic range of liquid water distri-
butions, integrated amounts L, and mean cloud liquid
water temperatures Tejoud. Thus the number of cloudy
profiles is 3 times the number of cloudy soundings.

Each profile was then input to a microwave radia-
tive transfer model [Schroeder and Westwater, 1991].
This model is based on the MPM87 microwave absorp-
tion model [Liebe and Layton, 1987]. The model as-
sumes that the cloud droplets are small relative to the
measurement wavelengths (i.e., they obey the Rayleigh
limit). The scattering effects of large droplets (greater
than 100 pm) associated with precipitation are not in-
cluded in the model. Consequently, our retrieval does
not apply to precipitating conditions. In addition, any
errors or deficiencies in the absorption model will affect
the retrieval; however, because the retrieval coefficients
(5) have opposite signs at the two measurement fre-

Site Source Nclear Neloudy P, hPa Tite, K V, mm
Arctic Ice Pack SHEBA 353 361 1015+16* 256+16* 9+ 7%
Barrow, Alaska NWS 751 969 1017417 260119 10+ 9
Manus Is., Papua New Guinea TOGA 632 57 1009+ 3 300+ 3 50£10
Morris, Oklahoma ARM 1594 648 990+10 293+15 27421
Lamont, Oklahoma ARM 3910 1641 978+£11 289+£18 25420
Purcell, Oklahoma ARM 1150 474 974110 292418 26+19
Hillsboro, Kansas ARM 1531 558 964411 291+16 24417
Vici, Oklahoma ARM 1020 342 943410 293+15 23416
Albuquerque, New Mexico NWS 2534 553 838+ 7 289416 17+12

>Median =+ (95th percentile to 5th percentile)/2.
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Table 2. Regression Equations and Parameters
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Tonr = a + b Tite + ¢ RHsc (11)

fary = a + b (Pic — estc)?/Tose (13)

b =a+b Pic+c1 Toe +c2 The +du esic + d2 el (14)
[=a+b Py +exp(cr + c2 Teoua) (17)

I=a+b Pac+c Puc esic + d €2 (19)

For equation (11) a, K b, K/K ¢, K
Tmr,2348 39.3689 0.793578 0.125758
Trar,31.4 34.1744 0.792481 0.167245

For equation (13) a, — b, K /bar?

Fdry 238 0.000842 3.96326
Tdry,31.4 0.001347 6.68708
For equation (14) a, mm ) ihe a1,
01 370.676 0.101635 -1.61249
— g 426.011 0.050704 -2.32457
For equation (17) a, mm ) o c1,—
—h -2.1728 0.002618 -7.24277
b -1.5338 0.001577 -3.85181
For equation (19) a, mm ) T ¢ phy
—il -2.75671 0.004317 0.000129
l> -1.33514 0.006140 0.000358

R? RMSE, K
0.909 3.41
0.893 3.70
R? RMSE, —
0.975 0.0003
0.975 0.0005
2, 7 d, 52 d2, fpox RMSE, mm
0.002653 0.565695 -0.008588 4.16
0.003963 0.146403 -0.001546 2.58
¢y, K1 R? RMSE, mm
0.028984 0.965 0.123
0.021283 0.997 0.083
e R? RMSE, mm
-0.002482 0.558 0.438
-0.007339 0.551 1.109

quencies, any changes in the model which result in a
general increase or decrease in the brightness tempera-
tures will tend to offset each other to an extent in the
retrieval. For example, a 0.5 K increase in Ty, at 31.4
GHz will result in an increase in the retrieved LWP of
0.01-0.02 mm, whereas a 0.5 K increase at both 31.4
and 23.8 GHz will cause the LWP to increase by only
half as much, 0.005-0.01 mm.

We used the model to calculate the three components
of opacity (i.e., Tary, Tvap, and 7iq), as well as the mean
radiating temperature T;,, and sky brightness temper-
ature Tgky at the two measurement frequencies of 23.8
and 31.4 GHz. For each profile, the calculated values
for V and 7yap are used to compute Kyap, and L and
TNiq yield Kiiq. Then Ryap and Kjiq are used to calculate
v1, v2, l1, and Iy via (5). Once these calculations are
completed for all of the profiles, the values of vy, v, Iy,
and Iy, as well as T, and 74y, are regressed against
surface temperature, barometric pressure, vapor pres-
sure or relative humidity, and (for {; and l3) Ttioud to
develop the necessary estimators. The calculated values
of Tiky are used to simulate a radiometer and test the
retrieval algorithms.

2.3.1. Mean radiating temperature (T},,) es-
timation. The mean radiating temperature at each
frequency correlates well with the temperature and rela-
tive humidity at the surface because the weighting func-
tion (8) is a maximum at the surface and decreases
rapidly with height for clear-sky conditions. Clouds

can significantly affect the weighting function, however.
The mean radiating temperature was fitted by linear
regression to the estimator

Tonr :a+bT;fc+CRHsfc‘ (11)
The regression parameters, derived by using all clear
and cloudy profiles, are summarized in Table 2, in which
RHgs. is the fractional relative humidity, ranging from
0 to 1. Although T,,, depends primarily on T, the
correlation with RHgg. substantially reduces the root-
mean-square error (RMSE), especially for cloudy con-
ditions. With this relationship, T}, can be estimated
with approximately 1% RMSE for a wide range of loca-
tions and sky conditions.

Because the estimator (11) relies on surface condi-
tions, it is subject to error when the surface conditions
become decoupled from the atmospheric column, such
as during near-surface temperature inversions. For in-
stances where the surface air temperature is less than
the air temperature at 1 km above the ground, a bias
of 2-3 K, or 1%, arises with this estimator. This bias
results in an average bias error of 0.2-0.3 mm in the
retrieved PWV and about -0.01 mm in LWP.

2.3.2. Oxygen opacity (7T4ry) estimation. With
(1) and the hydrostatic equation, the “dry” contribu-
tion to the opacity due to oxygen can be expressed as

(12)

Tdry = (w02 /g) (Psfc - esfc) Ko, -
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Here wo, is the (constant) mixing ratio of oxygen, P
is the surface barometric pressure, ey is the surface
partial pressure due to water vapor, and g is the accel-
eration due to gravity. The path-averaged mass absorp-
tion coefficient Ko, is proportional to (P — este)/Tse,
which reflects the contributions of the far wings of the
oxygen lines centered around 60 GHz and nonresonant
absorption due to oxygen [Rosenkranz, 1993]. Ty is
the surface absolute temperature. Using surface values
of pressure, temperature, and relative humidity from
the soundings, 74ry was fitted to the estimator

%dry =a-+b (Psfc - esfc)z/Tsty (13)
as summarized in Table 2. The RMSE represents about
2% of the mean for each frequency. At all locations in
the current study, the scatter about the fit increases
with decreasing temperature because of meteorological
conditions, such as temperature inversions, for which
the surface data are less representative of the vertical
column. For instances where the surface air temper-
ature is less than the air temperature at 1 km above
the ground, a bias of about 1% occurs. The effect of
this bias on the retrieved LWP and PWYV is generally
negligible, in part because the retrieval coefficients have
opposite signs, and in part because the oxygen contri-
bution to the brightness temperatures is often (but not
always) small relative to the vapor and liquid water con-
tributions.

2.3.3. Water vapor retrieval coefficient (v,
v3) estimation. The vapor-sensing frequency for the
microwave radiometer is displaced from the center of
the water vapor resonance at 22.235 GHz to 23.8 GHz,
where the Van Vleck-Weisskopf line shape is minimally
sensitive to changes in pressure. The advantage of this
displacement is that the mass absorption coefficient,
which depends on the line shape, varies only slightly
with height, so 7vap, at 23.8 GHz is not sensitive to the
vertical distribution of water vapor but varies only in
proportion to the total water vapor amount. For this
reason and because variations in local barometric pres-
sure are a small fraction of the mean pressure, variations
in the path-averaged mass absorption coefficient &vap 1
are negligibly correlated with barometric pressure for
any given location. In contrast, weak correlations are
apparent with surface temperature and vapor pressure
because of their influence on the line intensity, line half
width, and water vapor continuum [Rosenkranz, 1993].

At the liquid-sensing frequency of 31.4 GHz the con-
tribution to the path-averaged mass absorption coeffi-
cient from the wing of the 22.235-GHz water vapor res-
onance is less than that at 23.8 GHz by about a factor
of 6 and often less than the contribution from the wa-
ter vapor continuum. With the water vapor continuum
included, the contribution of water vapor at 31.4 GHz
is still less than that at 23.8 GHz by about a factor of
3. Even though the water vapor continuum depends on
barometric pressure, vapor pressure, and temperature,
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variations in Kyap,2 are negligibly correlated with baro-
metric pressure variations for any given site, because
variations in surface pressure about the mean are small,
whereas noticeable correlations exist with surface tem-
perature and vapor pressure. However, large changes
in mean barometric pressure from site to site, associ-
ated with different site elevations, result in noticeably
different values of Kyap1 and Kyap o for each location.
For vy and vy to be site-independent, this pressure de-
pendence needs to be taken into account, in addition
to the correlations with surface temperature and vapor
pressure.

With the above effects in mind, the estimator that
we developed for v is

b= a+b P+ Tege+ca T+ dy ese +da €. (14)

The RMSE of the regression (14) represents 2% or less
of the mean values of v, and v for any site (Table 2).
Because the integrated liquid amount appears in the
denominator of (1), the path-averaged mass absorption
coefficients and the corresponding values of the retrieval
coefficients were computed by using only cloudy sound-
ings.

2.3.4. Liquid water retrieval coefficient (I3, l3)
estimation. Retrieval of the integrated liquid water
amount L is complicated by the fact that Kliq varies ex-
ponentially with the liquid-water-weighted mean tem-
perature of the cloud,

Toloud = T(Z) U)(Z) dz,

Zbase

(15)

where
w(z) = piq(2)/L. (16)

The relationship between Rliq and Tgouq is the same
for all locations, as well as for single- and multiple-layer
clouds. Because Kijiq depends exponentially on Tyjouqd, s0
do the liquid water retrieval coefficients I, and l5 (Fig-
ure 1). The water vapor retrieval coefficients v; and v
do not exhibit a similar dependence on 7Tioug because
the ratio Kiiq,1/Kliq,2 is independent of Tyoug. As Fig-
ure 1 also demonstrates, the dependence of I; and Iy
on barometric pressure is nonnegligible due to the pres-
sure dependence of the ratio Kyap,1/Rvap,2. Accordingly,
{1 and Iy have been fitted to the estimator

I=a+b Py +exp(cs + c2 Teioud), (17)

as summarized in Table 2.

2.3.5. Liquid-water-weighted mean cloud tem-
perature (Tcioud) estimation. The mean cloud tem-
perature Teouq 1s difficult to determine because it de-
pends on the vertical distribution of temperature and
liquid water in the cloud. Initially, we tried using a sim-
ple infrared detector at a wavelength of 10 um to esti-
mate cloud temperature. We encountered three prob-
lems with this approach. First, the emissivity of thin
clouds can be less than 1.0 at 10 um, which results in
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Figure 1. Values of the liquid water path retrieval

coefficients {; and I, for Lamont, Oklahoma ((Psc) =
978 hPa), and Albuquerque, New Mexico ((Pstc) = 838
hPa), as a function of Ttioud, the liquid-water-weighted

mean cloud temperature. The estimators il and iz for
these values of surface pressure are also shown.

an underestimate of T¢ouga. Second, because the liquid
water distribution generally increases with height in the
cloud, for thick clouds, Ttiouq can be substantially less
than the cloud base temperature reported by the in-
frared detector. Finally, the contribution from water
vapor to the infrared measurement at 10 pm can be
significant, which causes an overestimate of T¢ioud.

The approach taken here is to use a collocated cloud
radar to estimate w(z) and radiosondes or remote sens-
ing systems to estimate 7(z) and to combine these es-
timates according to (15) to estimate Ttioua. The radar
reflectivity Z is proportional to the sixth moment of the
cloud droplet size distribution, whereas piiq is propor-
tional to the third moment. Frisch et al. [1998] showed
that the square of the third moment is linearly propor-
tional to the sixth moment for a wide range of in situ
measurements of cloud droplet size distributions (pro-
vided that the droplet number density and the spread
of the distribution are constant with height) and for the
lognormal and gamma distributions often used to model
droplet size distributions. Thus we set

w(z) = Z(2)Y2. (18)

2.3.6. Retrieval of liquid water path without
an estimate of T.oug. It is possible to estimate [;
and I without an estimate of Ttiouq by using a relation-
ship of the form

i:a'l'b Pye + ¢ Pege esfc+de:fc’ (19)

as summarized in Table 2. The P term reflects the influ-
ence of the pressure-broadened wing of the 22-GHz wa-
ter vapor line, the mixed P—e term reflects the influence
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of the foreign-broadened water vapor continuum, and
the term eZ_ reflects the influence of the self-broadened
continuum. The R? statistic shows that this regression
explains only about half of the variance in l; and [,
whereas the regression that uses Tijouqa €xplains nearly
all of the variance. The only advantage of this retrieval
is that it permits reasonably accurate estimates of L
to be obtained without a cloud radar and without the
a priori data set and the effort needed to develop a
site-specific statistical retrieval. Consequently, it can
be used as a default for periods when radar data are
unavailable.

2.4. Theoretical Basis of the Iterative Physical
Retrieval

To assess the performance of the current site-specific
and new site-independent statistical retrievals for LWP,
we developed an iterative physical retrieval method
for estimation of both LWP and PWV from the dual-
frequency brightness temperature measurements obtain-
ed with the ARM microwave radiometers. In the iter-
ative retrieval we used the same microwave radiative
transfer model [Schroeder and Westwater, 1991] which
we used to develop the site-specific and site-independent
statistical retrievals to explicitly compute the surface
downwelling brightness temperatures, given the best
observational data on the state of the atmosphere at
the time of the measurements. Radiosondes provided
information about the vertical distribution of temper-
ature and moisture, while millimeter-wave cloud radar
reflectivity measurements provided a means (18) for es-
timating the vertical distribution of cloud liquid water.
Others [Han and Westwater, 1995] have used lidar mea-
surements of cloud base height in an iterative physical
retrieval to improve estimates of V and L.

To initiate the iterative retrieval, the relative humid-
ity profiles from the radiosondes and the radar-derived
liquid water content profiles were first scaled to agree
with the PWV and LWP values derived from the mi-
crowave radiometer brightness temperature measure-
ments by using the currently implemented site-specific
retrievals. These scaled profiles were subsequently input
to the model to compute the brightness temperatures at
23.8 and 31.4 GHz. Differences between the two model-
calculated brightness temperatures and those observed
were computed and, if the magnitude of either differ-
ence was more than 0.3 K (the RMS uncertainty of the
microwave radiometer brightness temperature measure-
ments), an iterative scheme was entered whereby PWV
and LWP were adjusted (by multiplying the relative hu-
midity and liquid water content values in the input ver-
tical profiles by some value close to 1) until the model-
measured differences were made sufficiently small. Be-
cause the primary goal of the iterative retrieval was to
obtain accurate LWP, we forced the solution to greater
accuracy in the 31.4-GHz channel while still requiring
agreement in both channels to within the RMS un-
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certainty of the radiometer measurements. Typically, 0.4 . : O
20-50 iterations were required for convergence, and the 2z 03 () e
scheme was stopped if no solution was found after 100 E o2} _’5'- o
iterations. Although this method might yield the most = o1 V.
accurate results, clearly it has only limited practical- € 0.0 & o
ity, an example being our use of it to evaluate the new & -0.1 %?
site-independent retrieval. . 3 02 * Toud <276 K 5

The RMS uncertainties in the retrieved PWV and 03 ° Toloug > 276 K >y
LWP were next obtained by perturbing the brightness -0.4 TS T . °
temperatures measured with the radiometer by 0.3 K 0.4 . : .
and solving again for the retrieved PWV and LWP. Be- 03[ (b) .
cause the iterative retrieval scheme is computationally € o2} .
expensive, we did not examine all combinations of the £ o1
0.3 K perturbation. Rather, we drove the perturbed so- T o0
lution as far from the original one as possible by adding <_1§ 0.1
0.3 K to one channel and subtracting it from the other. 02 .
This process was repeated (but with a change in sign of 03l -
the perturbation) for each channel brightness tempera- 0.4 ;052 105, 167

ture, and the largest differences between the two result-
ing sets of PWV and LWP from the original retrieved
values were interpreted as the maximum possible error.
Because the error most likely lies somewhere between
zero and the maximum that we calculated, we took one
half of the maximum value as an estimate of the RMS
uncertainty in the original retrieval values.

3. Results

We evaluated the performance of the new site-inde-
pendent retrieval by using both simulated and real mea-
surements. The simulated measurements were con-
structed from the set of radiosondes also used to develop
the new retrieval. Although this procedure does not
provide an independent evaluation of the new retrieval,
it nevertheless gives insight into the performance of
the new retrieval and permits comparison of its perfor-
mance with that of site-specific retrievals. As described
earilier, profiles of cloud liquid water were constructed
by inserting three different distributions of cloud liquid

L (mm)

Figure 2. Errors (AL = L — L) in simulated mea-
surements for (a) the current site-specific statistical re-
trieval and (b) the new site-independent retrieval as a
function of the combined values of L from Lamont, Ok-
lahoma; Purcell, Oklahoma; and Hillsboro, Kansas, all
of which are at nearly the same elevation. Cases when
Teioud > {Tcloud) are indicated by open circles, while
cases when Tiioud < (Teloud) are indicated by solid cir-
cles.

water into each sounding where the relative humidity
exceeded 95%. Using these profiles of temperature, rel-
ative humidity, and cloud liquid water, we computed
the “true” values of LWP and PWYV for comparison
with the retrieved values; values of T ouq Were also com-
puted. The profiles were input to the radiative transfer
model to calculate the microwave brightness tempera-
tures at 23.8 and 31.4 GHz. To simulate a radiometer,

Gaussian-distributed noise (mean zero, or,,, = 0.3 K)

Table 3. Comparison of Liquid Water Path From Site-Independent and Site-Specific Retrievals Using Simulated

Brightness Temperature Measurements

L <0.25 mm L > 0.25 mm
Site-Independent Site-Specific Site-Independent Site-Specific
Retrieval Retrieval Retrieval Retrieval
Site (AL) OAL (AL) OAL (AL) OAL <AL) OAL
SHEBA 0.001 0.008 0.002 0.012 0.011 6.018 0.026 0.057
Barrow, Alaska 0.002 0.009 0.001 0.011 0.019 0.025 0.002 0.041
Manus Is., Papua New Guinea 0.003 0.020 0.004 0.019 -0.003 0.025 -0.006 0.073
Morris, Oklahoma 0.003 0.022 0.016 0.021 0.012 0.035 0.003 0.088
Lamont, Oklahoma -0.002 0.018 0.005 0.020 0.008 0.032 0.005 0.086
Purcell, Oklahoma 0.003 0.021 0.005 0.020 0.010 0.032 -0.004 0.092
Hillsboro, Kansas -0.003 0.016 -0.002 0.021 0.006 0.029 0.012 0.088
Vici, Oklahoma -0.005 0.018 -0.014 0.021 0.007 0.030 -0.010 0.088
Albuquerque, New Mexico -0.001 0.009 -0.001 0.014 -0.011 0.023 -0.009 0.055

AL =L — L. (AL) and oy, respectively, indicate the ensemble average and standard deviation. All values are in units
of millimeters.
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was added to the model-calculated brightness tempera-
tures, which served as input to both the site-specific and
new site-independent retrievals. Gaussian-distributed
noise (mean zero, or,,,, = 0.5 K) was also added to
the values of T¢oug to simulate actual measurements.

On the four case study days, the true values of PWV
and LWP are unknown. We treat the iterative physical
retrieval results as representing the truth and test the
skill of the site-specific and site-independent retrievals
relative to it.

The evaluation of the new LWP retrieval is presented
below. The evaluation of the PWYV retrieval is presented
in Appendix A.

3.1. Comparison of Site-Independent and
Site-Specific Retrievals

To assess the skill of the new retrieval for liquid wa-
ter path, opacities were calculated from the simulated
brightness temperature measurements according to (9)
by using the estimators for T}y, then the values of 7qry
were estimated using the surface parameters and sub-
tracted. The simulated measurements of T¢jouq and the
surface pressure were used to estimate {; and Il using
(17).

3.1.1. Results for cloudy-sky conditions. The
differences AL = L — L between the retrieval estimates,
L, and the true values, L, from the simulation data set
are plotted as a function of L in Figure 2 for Lamont,
Oklahoma, Purcell, Oklahoma, and Hillsboro, Kansas.
These three sites are at nearly the same elevation as
Oklahoma City, Oklahoma, for which the current site-
specific retrieval was developed. (The current retrieval
exhibits biases at Morris and Vici because the site el-
evations, and thus the barometric pressures, are sig-
nificantly different from Oklahoma City for which the
retrieval was developed.) The corresponding statistics
(Table 3) reveal that both retrievals yield unbiased es-
timates of L. For values of L greater than 0.25 mm

(approximately the median value of L in the simulation
data set for these sites) the standard deviation of AL,
oaL, is reduced on average by about a factor of 3 when
the actual value of T¢ouq 1s used to determine I; and
ly rather than the ensemble average value, (Ttiouq), of
276 K for these three sites implied by the constant co-
efficients for the site-specific retrieval. Because the ac-
tual site-specific retrieval coefficients are developed for
monthly subsets of the a priori data set, (Tcioua) actu-
ally varies between 268-281 K for these sites. However,
monthly plots corresponding to Figure 2a would show
a very similar result. For L < 0.25 mm, using the ac-
tual value of Ttiouq appears to yield little improvement.
Large errors in Kjiq do not result in large errors in L
when L is small.

Figure 2a also reveals that for L > 0.25 mm the cur-
rent site-specific retrieval overestimates L when T¢jouq <
(Teioua) and underestimates L when Teioud > (Teloua)-
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Figure 3. Distributions of L from simulations calcu-
lated by using fixed values of Tioug for cases where
L = 0. (top) Tropical site (Manus Island, Papua
New Guinea); (middle) midlatitude sites (Lamont, Ok-
lahoma; Purcell, Oklahoma; and Hillsboro, Kansas);
(bottom) polar sites (Barrow, Alaska, and SHEBA ice
station). Each box spans the range from the 5th to
the 95th percentiles. The thick solid lines indicate the
medians, while the dashed lines indicate the 25th and
75th percentiles. The value of (T¢ioug) for each location
is indicated.
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If Tojoud < (Teloud), then the average value of kjjq im-
plied by the site-specific retrieval will be smaller than
the actual value of &jiq, and L from the site-specific re-
trieval will be larger than L.

By incorporating Tcioud the new site-independent re-
trieval largely overcomes these problems (Figure 2b), al-
though increasing error is evident for L > 1 mm. When
Teloud > 276 K, positive differences (ﬁ-—L) arise because
of underestimation of the mean radiating temperature
Tmr. Conversely, for Teoua < 276 K, negative differ-
ences arise because of overestimation of Tp,,. For large
values of L, Ty, 1s not so well correlated with the sur-
face temperature as it is when L < 1 mm, because the
cloud significantly affects the T5,, weighting function
(8); errors in Tp,, increase with increasing cloud base
height. Computations have shown that if the surface
relative humidity is not included in (11) and only the
surface temperature is used, the errors in L are approx-
imately twice as great. Of greater concern perhaps is
the fact that values of L > 1 mm are frequently accom-
panied by precipitation. Simulation studies [Sheppard,
1996] have demonstrated that LWP retrievals that rely
on the Rayleigh assumption as ours does can overes-
timate the true LWP when large droplets (i.e., radius
greater than 100 pm) are present, such as during precip-
itation. The degree of overestimation depends mainly
on the rain layer depth and rainfall rate. Neverthe-
less, the new retrieval still offers substantially improved
accuracy for large liquid water paths under nonprecipi-
tating conditions.

A more accurate microwave radiometer will do little
to improve the accuracy of the retrieved LWP. The sim-
ulated instrument error (i.e., the Gaussian noise added
to the brightness temperatures) contributes only about
20% to the total error in L for L < 0.25 mm. For L >
0.25 mm, the contribution of the simulated instrument
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error to the values of the standard deviation in Table 3
is less than 5%. The bulk of the error in L arises from
errors in the underlying estimators for T5,,, Tary, l1, and
l5.

3.1.2. Results for clear-sky conditions. Per-
haps the most striking difference in L between the two
retrievals is for clear-sky conditions. To understand the
behavior of the site-specific retrieval for these condi-
tions, it is helpful to view the site-specific retrieval as
equivalent to the site-independent retrieval but with the
underlying parameters fixed at their average values for
the a priori data set. This means that 1 and [, are fixed
according to the values of (Ttjoud) and (Pssc). Because
L =17 + 1375, for L to be equal to zero, —{; 7{ must
equal lp7) exactly. Deviations of the actual values of
Ty o Tqry from their average values lead to errors in
¢ and 73, resulting in a nonzero value for L. More-
over, I and [y increase in magnitude as (Teoud) and
(Pstc) increase (Figure 1). Asl; and I, increase in mag-
nitude, the sensitivity of the LWP retrieval to errors
also increases. In addition, because 7* increases in pro-
portion to V, nonzero values of L will also increase with
V. Thus the range of nonzero values of L from a site-
specific statistical retrieval during clear-sky conditions
will be considerably larger at tropical sites, for exam-
ple, where (Tciouda) and V' are relatively large, than for
polar sites where (Tcloud) and V are much smaller.

Distributions of L for the simulaied measurements for
clear-sky conditions (L = 0) are presented in Figure 3 as
a function of T¢jouq for tropical, midlatitude, and polar
sites. The value of (T¢iouq) for each location is indicated
by a vertical bar. For the polar sites (bottom), (T¢ioud)
= 264 K, and the difference between the 95th and the
5th percentile in the L distribution is 0.013 mm. For
the midlatitude sites (middle), these values increase to
276 K and 0.035 mm, respectively. For the tropical

Table 4. Comparison of Liquid Water Path From Site-Independent Retrieval Without Tyouq and Site-Specific
Retrievals Using Simulated Brightness Temperature Measurements

L < 0.25 mm L > 0.25 mm
Site-Independent Site-Specific Site-Independent Site-Specific
Retrieval Retrieval Retrieval Retrieval
Site (AL) OAL (AL) OAL <AL> oAL (AL) AL
SHEBA 0.004 0.013 0.002 0.012 0.019 0.050 0.026 0.057
Barrow, Alaska 0.005 0.013 0.001 0.011 0.022 0.044 0.002 0.041
Manus Is., Papua New Guinea -0.015 0.021 0.004 0.019 0.031 0.089 -0.006 0.073
Morris, Oklahoma 0.004 0.021 0.016 0.021 0.039 0.103 0.003 0.088
Lamont, Oklahoma -0.002 0.020 0.005 0.02G 0.026 0.097 0.005 0.086
Purcell, Oklahoma 0.000 0.021 0.005 0.020 0.024 0.102 -0.004 0.092
Hillsboro, Kansas 0.003 0.021 -0.002 0.021 0.013 0.088 0.012 0.088
Vici, Oklahoma -0.005 0.019 -0.014 0.021 -0.010 0.087 -0.010 0.088
Albuquerque, New Mexico -0.002 0.013 -0.001 0.014 -0.015 0.066 -0.009 0.055

AL=1-1. (AL) and oar, respectively, indicate the ensemble average and standard deviation. All values are in units
of millimeters.



=~ O D

Alttude [k, AGL)
£ R Ok

b L

918 03 Api 1998

L O
"

I

Adfituece (krm, AL
Ll

]

oI o]

th O
T

I

Adtituce (krm, AL

ha

;5 - : i I IP

2 ! P £

T e
00 03 05 09 12 15 18 21 24
Tirre [UT)

R ]

&0-50-40-30-20-10 0

Reflectvity (JBZ)

Plate 1. Millimeter-wave cloud radar reflectivities on

the four case study days of (a) December 3, 1997, (b)

April 3, 1998, (¢) April 4, 1998, and (d) April 15, 1998.

The black solid dots indicate the cloud base heights

from a combined analysis of micropulse lidar and laser
ceilometer data.

Altitude [km, AGL)

site (top), the values increase to 281 K and 0.040 mm,
respectively. For each of these cases the median value
of L is very close to zero.

The general trend of these distributions to exhibit
negative values of L at the extreme values of Thouq re-
flects the fact that the extreme values are outside the
range used to develop estimators (17) for l; and {5 (Fig-
ure 1). This situation is more pronounced for the trop-
ical site than the polar sites because the PWV is much
greater at the tropical site. At all sites, as T¢joyuq falls
below the range of the values upon which I, and Iy were
based (i.e., as it falls below the range where liquid water
clouds would be expected to exist), Lis always negative.
This observation provides a straightforward method for
detecting “clear” (i.e., liquid free) sky conditions using
the radar-derived estimate of Teouq: if L is less than
zero, then L is set equal to zero.

When the sky is truly cloud-free, the estimate of
Teloud is zero because the weighting function (16) de-
rived from the radar reflectivity is zero, so L will always
unambiguously indicate clear-sky conditions. Even high-
altitude ice clouds, which are readily detectable by the
radar, will not (normally) cause the new retrieval to
produce positive values of L, because the radar-derived
values of Tyjoud Will (normally) be less than the value for
which L > 0. Thus thin clouds may be unambiguously
distinguished from clear-sky conditions with the new
site-independent retrieval, whereas the two are often
indistiguishable with the current site-specific retrieval.
However, mixed-phase clouds can be a problem if the
radar reflectivity of the ice-phase particles is compara-
ble to the reflectivity of the liquid phase. This situation
would bias T¢ioug low and result in an underestimate of
L. In addition, drizzle below cloud base would tend to
bias T¢ioua high and result in an overestimate of L.

Accurate estimates of Tiouq are an important com-
ponent of the new site-independent retrieval. However,
if radar data are unavailable from which to produce es-
timates of T¢oud via (15) and (18), the new retrieval
should nonetheless provide LWP estimates compara-
ble in accuracy to estimates from the site-specific re-
trieval. The statistics in Table 4 reveal that the site-
independent retrieval with coefficients {; and [ given
by (19) yields results comparable to the site-specific re-
trieval, except that at larger values of L, a bias arises
because of differences in the values of (Ttiouq) inherent
in the respective retrievals.

3.2. Comparison of LWP Retrievals on Four
Case Study Days

To illustrate the performance of the new site-indepen-
dent retrieval with actual data, we applied the retrieval
to the brightness temperatures measured with a mi-
crowave radiometer at the ARM SGP central facility on
December 3, 1997, and April 3, 4, and 15, 1998. These
days were chosen because the millimeter-wave cloud
radar (MMCR) indicated well-defined stratus clouds
(Plate 1) and because each day exhibited a different
range of retrieved LWP from the other days. Mea-
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Figure 4. Surface temperature Ty, liquid water-weighted cloud temperature Tgouq, surface
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Figure 5. Liquid water paths (LWPs) from the new retrieval (top), with the differences in LWP
between the site-specific and the new retrievals (second panel), the iterative and site-specific
retrievals (third panel), and the iterative and new retrievals (bottom) for the four case study

days of (a) December 3, 1997, (b) April 3, 1998, (c) April 4, 1998, and (d) April 15, 1998.
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Table 5. Comparison of Site-Independent (SI), Site-Specific (SS), and Iterative (IT) Liquid Water Path Retrievals

Over 4 Days
SS - SI IT - SS IT - ST IT
Day Samples (AL) OAL (AL) oAL (AL) oAL RMSE
December 3, 1997 660 0.009 0.009 -0.013 0.013 -0.004 0.014 0.011
April 3, 1998 343 0.011 0.009 -0.016 0.027 -0.005 0.027 0.012
April 4, 1998 837 0.008 0.003 -0.007 0.017 0.001 0.018 0.014
April 15, 1998 42 0.011 0.002 -0.017 0.006 -0.006 0.007 0.000

AL = L—L. (AL) and oy indicate the ensemble average and standard deviation. All values are in units of millimeters.

surements of the surface pressure Pss, the surface va-
pOT pressure eg., the surface temperature Ty, and the
mean cloud temperature T¢jouq for these four days are
in Figure 4.

The LWP retrievals over the four case study days
exhibited trends expected from the results for the sim-
ulated radiometer measurements presented above. In
particular, significant changes in T¢jouq during a stratus
event produced trends between the new site-independent
and site-specific LWP retrievals. For retrieved LWPs
that exceeded 0.25 mm, the site-specific retrieval un-
derestimated LWP relative to the site-independent re-
trieval when Ttioua > (Tcioud) and overestimated LWP
when Toloud < (Teioud). Importantly, the site-indepen-
dent retrieval correctly identified the clear-sky periods
in the partly cloudy conditions, whereas the nonzero
values of LWP obtained with the site-specific retrieval
during clear-sky periods were comparable in magnitude
to LWP values retrieved during subsequent cloudy con-
ditions.

Examples of trends in Tijoug leading to differences
between the site-specific and site-independent retrievals
occurred on December 3, 1997, and April 3, 1998. From
1200-1330 UT on December 3, 1997, T¢ioug Was approx-
imately equal to the monthly climatological value of
(Teioua) = 271.35 K (Figure 4a), and the two retrievals
produced nearly identical results (Figure 5a). Over
the following 6-hour period, T¢joud dropped by approxi-
mately 6 K, during which time the site-specific retrieval
LWP values increased relative to the site-independent
retrieval values. Such a bias in the site-specific retrieval
is expected because the site-specific retrieval compen-
sates for an overestimate in Teiouq by increasing the re-
trieved LWP.

From 1330-2230 UT on April 3, 1998, Tcjoua dropped
by approximately 8 K (Figure 4b). At 1800 UT, Ttiouq
fell from a level higher than the monthly value of (T¢iouq)
= 273.13 K to a level lower than the monthly value. Be-
fore 1800 UT the site-specific retrieval tended to under-
estimate the LWP. In contrast, after 1800 UT the site-
specific retrieval overestimated LWP, in keeping with
the interpretation of Figure 2. Particularly notewor-
thy periods on April 3, 1998, are 1330-1400 UT, 1500-
1630 UT, 1800-1930 UT, and 2030-2100 UT, when the

retrieved LWPs exceeded 0.25 mm. During the first
two periods, which occurred when Toioua > (Teioua),
the site-specific retrieval underestimated the LWP. The
later two time periods occurred when Teioud < (Teloud)
and, in agreement with Figure 2, the site-specific re-
trieval overestimated the LWP. Between the pulses of
large LWP the retrievals differ by no more than 0.005-
0.010 mm over a 0.0 to 0.1 mm range of LWP values.

Problems in the site-specific retrievals during clear-
sky periods are illustrated by the results for April 15,
1998 (Plate 1d, Figure 4d, and Figure 5d). At 0600-
0900 UT on this day, the radar and lidar indicated clear
sky, while at approximately 1300-2100 UT, both instru-
ments detected a boundary layer stratus cloud. During
both of these periods, the site-specific retrieval reported
LWP values of 0.00-0.04 mm. Evidently, for the first
period the site-specific retrieval responded to rapidly
changing, cloud-free meteorological conditions, as re-
flected in the surface measurements (Figure 4d). For
values of Tijouq derived by using the reflectivity pro-
files from the MMCR and the temperature profile from
radiosondes, the new retrieval reports significant LWP
values only during the second period.

The site-independent and site-specific retrievals show-
ed the best agreement on April 4, 1998, differing by no
more than approximately 0.01 mm throughout the day
(Figure 5¢). Near 0000 and 1630 UT, Tyouq equaled
the monthly climatological value of (Tcioud) = 273.13
K. However, the maximum difference between the two
algorithms occurred at these times, clearly demonstrat-
ing a small bias between them on this day. When Tiiouq
increased by 3 K and 5 K just after 0200 UT and 1800
UT, respectively, the bias decreased to values compara-

“ble to those during the small-LWP periods at 1200-2400

UT on April 3, 1998 (Figures 5b and c).

The tendency of the site-specific retrieval to overesti-
mate LWP relative to the site-independent retrieval is
demonstrated further by the average difference between
the two retrievals on each of the four case study days
for times when the iterative retrieval reported a value
(Table 5). On each day the iterative retrieval produced
daily average LWP values less than the site-specific re-
trieval. Because the iterative retrieval was initialized
with site-specific retrievals of PWV and LWP, the av-
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erage effect of the iterative retrieval was to reduce the
site-specific LWP. As Table 5 further indicates, the fi-
nal LWP values produced by the iterative retrieval were
even slightly less than the site-independent retrieval val-
ues. Using the iterative retrieval brightness tempera-
ture perturbation analysis described in section 2.4 as a
surrogate for the total error in the iterative retrieval (in-
cluding, for example, error produced by assuming that
the radar reflectivity is an accurate predictor of liquid
water content), we find that the RMS differences be-
tween the site-independent and iterative retrievals are
comparable in magnitude to the errors expected in the
iterative retrieval (Table 5).

4. Conclusions

We have developed new retrieval algorithms for cloud
liquid water path and precipitable water vapor for use
with microwave radiometric measurements by first iden-
tifying the physical processes that govern the microwave
radiative transfer and then developing functional rela-
tionships to describe these processes using the atmo-
spheric parameters that most affect them. By focusing
on the underlying physics, our retrieval is more akin
to functional approximation rather than the statistical
estimation associated with standard statistical retrieval
methods. Because of this approach, our retrieval is in-
dependent of the climatology of any particular site and
may thus be applied to any location. Not only does
this eliminate the need to develop retrievals for each
measurement location but it also allows the retrieval to
adapt to changing conditions at any given location. Im-
portantly, the new site-independent precipitable water
vapor retrieval is as accurate as a statistical retrieval de-
veloped specifically for a particular location (Appendix
A).

)Through the use of simulations and case studies, we
have shown that accounting for the temperature depen-
dence of the mass absorption coefficient for liquid wa-
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ter by including the liquid-water-weighted mean cloud
temperature in the retrieval dramatically improves the
accuracy of the liquid water path estimate relative to
simpler statistical retrieval algorithms. Although we
used a cloud radar to estimate the weighting function
for the liquid-weighted-mean cloud temperature, the al-
gorithm does not specifically require radar reflectivities,
only a reasonable estimate of the liquid-weighted-mean
cloud temperature.

Finally, by including liquid-weighted-mean cloud tem-
perature and accounting for local variations in surface
conditions, clear-sky biases in the liquid water path
which are evident in simpler statistical retrievals, and
have for so long vexed users of the liquid water path
measurements, have now been largely eliminated with
the new retrieval.

Appendix A: Precipitable Water Vapor
Comparisons

To evaluate the skill of the new site-independent wa-
ter vapor retrieval, opacities were calculated according
to (9) by using mean radiating temperatures estimated
from the surface parameters with (11) and the simu-
lated radiometer brightness temperatures. The oxygen
contributions were then estimated with (13) and sub-
tracted. The adjusted opacities were used to produce
estimates of the precipitable water vapor with the new
retrieval coefficients (14). Differences, AV = V — V,
between the retrieved precipitable water vapor V and
the precipitable water vapor obtained by integrating the
soundings, V', were then calculated (Table Al). Only
cloudy soundings were used to develop the new vapor
retrieval coefficients via (14), although both clear and
cloudy soundings were used to develop the estimators
for Tpny and 74ry. Consequently, the clear-sky simu-
lation results represent a semi-independent test of the
algorithm. Comparison of the standard deviations in
Table A1 with the medians of precipitable water vapor

Table A1l. Comparison of Precipitable Water Vapor From Site-Independent and Site-Specific Retrievals Using

Simulated Brightness Temperature Measurements

Clear Sky Cloudy Sky
Site-Independent Site-Specific Site-Independent Site-Specific
Retrieval Retrieval Retrieval Retrieval
Site (AV) oAV <AV> [N (AV) oAV (AV) oav
SHEBA 0.05 0.32 0.08 0.29 -0.05 0.39 0.08 0.33
Barrow, Alaska 0.00 0.38 0.02 0.30 -0.12 0.39 0.02 0.32
Manus Is., Papua New Guinea -0.01 0.42 0.02 0.38 0.03 0.54 -0.09 0.48
Morris, Oklahoma -0.08 0.45 -0.18 0.42 -0.05 0.58 -0.31 0.55
Lamont, Oklahoma 0.08 0.43 0.05 0.39 0.03 0.54 -0.12 0.53
Purcell, Oklahoma -0.02 0.44 0.07 0.39 -0.06 0.57 -0.12 0.54
Hillsboro, Kansas 0.01 0.43 0.16 0.38 0.00 0.50 0.03 0.49
Vici, Oklahoma 0.05 0.40 0.41 0.41 -0.10 0.51 0.22 0.49
Albuquerque, New Mexico -0.04 0.29 0.00 0.31 -0.22 0.35 -0.04 0.36

AV =V_V. (AV) and oav indicate the ensemble average and standard deviation. All values are in units of millimeters.
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Lamont, OK 15 April 1998
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Figure A1l. V derived by using the current site-specific
statistical retrieval (black curve) and the new site-
independent retrieval (gray curve) for the ARM central
facility near Lamont, Oklahoma. The two retrievals
give nearly identical results for this case. A comparison
with standard radiosonde measurements (solid circles)
and relative-humidity-corrected sondes (open circles) is
also shown.

presented in Table 1 for corresponding sites suggests
that the new retrieval, on average, is accurate to about
2-3%.

Differences between precipitable water vapor values
estimated with the site-specific retrieval currently in use
by ARM at each of these sites and the actual values from
the soundings are also shown in Table A1. For each site,
the new site-independent retrieval gives an unbiased es-
timate of V with a standard deviation comparable to
that for the site-specific statistical retrieval. The bias
in the current site-specific retrieval for Vici, Oklahoma,
is significant. This bias arises because Vici is 660 m
above sea level, whereas the site-specific retrieval was
based on soundings from Oklahoma City, Oklahoma,
about 300 m above sea level. This elevation difference
corresponds to a difference in mean surface pressure of
about 35 hPa (Table 1). Similarly, a negative bias arises
at Morris, Oklahoma, which is only about 200 m above
sea level. By accounting for the pressure dependence,
the new site-independent retrieval eliminates these bi-
ases.

Apart from the biases at Vici and Morris, the two
retrievals produced comparable values for PWV. For
example, values of V for April 15, 1998, from the cur-
rent site-specific and new site-independent retrievals are
presented in Figure Al. For this day, which is typical of
most days, the two retrievals yield essentially identical
PWYV resalts. In addition, V from both of the retrievals
agrees reasonably well with radiosonde-derived PWV
estimates after a correction developed by Vaisala was
applied to the sonde relative humidity measurements.

Instrument errors contribute only about 20-25% to
the total error in the retrieved PWYV; that is, if no noise
was added to the brightness temperatures to simulate
an actual radiometer, the standard deviations of the
differences would still be about 75-80% of the values
presented in Table Al. Most of the error in V' arises
from errors in the estimators for Tpnr, Tary, V1, and vs.
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