






























































































































































































































































by STYROFOM

CLIQUID NITROGEN
__ METAL PIATE
ECCOSORE |

LI

"ALUMINUM
BLINDERS

i wgles

FIGURE 4.4 The cryogenic blackbody target. The temperature of the liquid ni-
trogen, and therefore of the blackbody, is known to within 0.05K. Metal blinders
direct the field of view of the side lobes into the blackbody to eliminate offset errors.
An aluminum plate shields from external radiation and doubles the effective path
length through the blackbody absorber.

the foam to minimize ambient signal from penetrating the foam from above.

In these tests the cryogenic target was placed over the radiometer for about
4 hours. After 1.2 hours, moisture condensation on the underside of the cooler
began to raise target temperatures, so only the first 1.2 hours of data were
usable. The dew blower fan, subsequently incorporated to keep the microwave
window free from dew, would have forestalled this condensation problem. But a
longer period of observation would not enhance the value of this measurement

except as yet another measure of drift stability of the WVR.
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The orthogonal reflection contribution at the lower surface of the liquic
nitrogen was calculated from the dielectric coeflicient of LN2 at 0.00724K /K, or
1.62K for reflections to sources at 300K. The boiling point of the liquid nitrogen,
and therefore the internal target temperature, was calculated from NIST tables
for the atmospheric pressure. For convenience, an expression, accurate to 0.05K

from 700 mb to 1030 mb, was obtained by a regression fit to the NIST tables:

LN2 boiling temperature T(K') = 68237+ 0.009037 x P(mb) (4.15)
&6 .2l

Closed cell blackbody foam was tried as the blackbody absorber, but ni-
trogen gas bubbles from boiling of the LN2 would accumulate under the foam,
causing scintillations in the signal of the upward-looking radiometer. The open

cell convoluted foam solved this problem by allowing gases to flow through the

foam.

TABLE 4.5 WVR-1100 Cryogenic Target Measurements
23.8 GHz (K) 31.4 GHz (K)
liquid nitrogen at 849 mb 75.88 75.88
LN2 surface reflection 1.62 - 1.62
Styrofoam contribution 67 % 0.15 0.,0009 %4 0.2
Calculated target temperature 77.65 77.70
Mean measured temperature 77.67 77.94
Difference of mean and calculated +0.02 +0.24
rms difference 0.23 0.33

4.6 WVR-1100 receiver gain temperature coefficient

Although the WVR-1100 water vapor radiometer microwave RF recciver is
temperature stabilized to within several tenths of a Kelvin, the radiometer has
a residual gain dependence upon ambient temperature. The earlier version of
this radiometer, the WVR-1000, was not temperature stabilized, and exhibited a

much more significant temperature dependence than the WVR-1100. Tempera-
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FIGURE 4.5 WVR observations of the cryogenic target. The temperature rise at
day 221.0 is due to moisture condensation on the underside of the target. The
horizontal lines at 77.65 and 77.70K are the calculated target temperatures for 23.8
and 31.4GHz.
ture stabilizing of the WVR-1100 eliminated the following sources of temperature
dependence in the WVR-1000:

1) The RF output of the Gunn local oscillators, which diminishes with
increased physical temperature, while the mixer that they drive requires more
power with increasing temperature to maintain the maximum noise figure. The
conversion loss of the mixer was therefore a function of physical temperature.

2) The 1solation and insertion loss of the dual-junction antenna isolator are
slightly temperature dependent.

3) The noise diode cross coupler, due to the change in physical dimensions

and conductivity with temperature.



4) The gain temperature coeflicient of the 65 dB gain amplifier.

5) Critical resistors with temperature coefficients in the measurement and
voltage control circuits, which were replaced with resistors of lower temperature
coefficients. These resistors are located on PC boards that are not temperature
stabilized, and were associated with measurement of the blackbody temperature,

and with noise diode current control.

Stabilizing the receiver eliminated the above drifts; the WVR still, however,
exhibited a temperature coeflicient. The temperature coefficient of the temper-
ature stabilized WVR-1100 receiver is smaller and much more consistent from
WVR to WVR than the previous model (WVR-1000), and does not appear to
change with instrument aging and abuse. In an attempt to identify the origin of
the remaining temperature dependence, an analysis was undertaken to see if the
coefficient could be predicted theoretically from changes in waveguide hardware
with temperature. Measurements were also made by heating various components
of the WVR system and measuring system gain with a LN2-ambient targets sys-
tem. Analyses of the systems electronics were also performed to determine if
the temperature coefficients of any of the components could affect the gain of

the instrument.

4.6.1 Antenna system analysis

The antenna system components that could contribute to the temperature
dependence are (from the sky inward):

1) Etalon effects of the microwave window and Rexolite” lens

a)The microwave window. The window is a very low density closed cell
polyethylene foam, consisting mostly of air. As the ambient temperature, and
therefore the air pressure in the cells, changes, the foam changes thickness. The
total dielectric absorption does not change, but because there is reflection from
the dielectric at the inner and outer surfaces, there can be slight destructive

interference. This is analogous to a Fabrey-Perot etalon.
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The plano-parabolic Rexolite lens. As with the polyethylene foam win-
dow, the lens changes in thickness with changing temperature, and the etalon
effect therefore changes transmission. This dimensional change, described the
thermal coefficient of the lens material (about 80 x 107°), is much smaller than
that of the gas in the polyethylene foam (about 800 x 107%), but the index of
refraction is much greater (1.6) than the polyethylene foam (1.06). The temper-
ature dependent etalon losses for these two elements are therefore of the same
magnitude. This lens has an f stop of f = 1.0, and therefore cannot be treated
with thin lens theory. The Rexolite lens etalon effects are therefore very hard
to model. Their magnitudes can, however, be estimated. From prior analysis
we can show that the variation in the etalon loss with temperature is less than
2 x 107% K/K. I will show that the conductivity and cutoff losses are about
200 times larger for the waveguide described below than for the etalon losses
of the polyethylene window and for the Rexolite lens. 1 will also show that the
conductivity and cutoff coefficients are insignificant; the smaller etalon effects of
the window and lens can therefore be ignored and are therefore not investigated
here. The feed horn is complex geometrically and is not amenable to modelling.
It is also subject to small manufacturing variances that manifest themselves as
small variations in the electrical performance of the feed horn. Feed horn effects
are therefore not modeled, but rather measured.

2) Temperature dependent dielectric effects of the microwave win-
dow and Rexolite lens.

The absorption of the lens and foam window are bulk effects; the total
absorption is proportional to the total material mass along the propagation
path. It is therefore independent to thickness change due to thermal expansion
to first order.

Note that it is not practical to thermally stabilize the polyethylene window
and the Rexolite lens because they must remain unobstructed, are exposed to the
cold sky, and therefore lie in radiative-convective equilibrium at a temperature

somewhere between ambient and sky. The only feasible way to heat them is
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with forced air heat.

3) The corrugated feed horn and the waveguide that joins the feed
horn and the temperature stabilized RF receiver. Because they are amenable to
accurate modeling, this paper focuses on the waveguide sources of temperature
coeflicient. The WR34 waveguide used in Radiometrics radiometers is shown to
have a temperature coeflicient that originates, in part, from the frequency cutoff
and conductivity characteristics of the WR34 waveguide in the non- stabilized
antenna path of the instrument. The following analysis derives the temperature
coefficient of this section of waveguide, one end of which is at ambient, and the

other end which is at the stabilized temperature of the RF receiver.

The received sky signal (called antenna temperature) 74 received at the
antenna is attenuated to T’ by losses in the waveguide components from the

antenna to the temperature stabilized microwave receiver:

T, = The~ (DL (4.16)

where L is the length of waveguide undergoing temperature change, and « is the
temperature dependent loss coefficient due to cutoff. This attenuation can be
treated as an effective change in the gain coefficient g of the receiver, because
it reduces the sensitivity of the receiver. The radiometer equation for output

voltage V, of a radiometer with no antenna path losses is:

Vo = Viys + 90Ta (4.17)

where Vyys is the receiver noise in the absence of antenna signal, due to electronic

and component noise. For a lossy antenna path, we can write:

Vo = Vays + goTae M 4 ¢, T, (1 — oMLY (4.18)

where T, is the receiver noise contribution due to the waveguide emission. Vi,

and goTwe (1 — e~(MLY are receiver offsets, independent of antenna signal; this
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offset is established as part of each observation cycle of the WVR-1100. We can

therefore ignore these offsets and write the gain variation due to attenuation as:

b% =ML o _o(T)L (4.19)
where, because these gain changes are small (~ 107*/K), I have expanded
the exponent. The gain of the receiver is therefore modulated by the ambient
temperature. I shall now establish the theoretical temperature coefficient of gain
due to the waveguide components that are not temperature stabilized.

The cutoff wavelength A, = 2a for WR34 waveguide is 1.72 em (a is
the major dimension of the waveguide cross section). The frequency f. is
fe = ¢/2a = 17.34GHz. The cutoff is not abrupt; the group velocity decreases
to zero, and the waveguide loss a increases, as this frequency is approached
from above. Because the brass waveguide changes dimension and conductivity
with temperature, the cutoff frequency and attenuation change with tempera-
ture. The WVR-1100 uses brass WR34 plated with about 50 microns of gold
propagating in T Ey; mode. For frequencies above the cutoff frequency the T'Ey,;
attenuation per unit length due to cutoff and finite conductivity of the waveguide

is (see Jackson, 1975):

a(nepers/length) = -71; ik ! [l + 2 (E)Q]

o 2
e
- (%)
1 [nfu c? 1 2
. _— e — 4.20
n o \/1_*_4a?f2-—c2 {b+2a3f2 ( )
where

n = /{2 = 376.7 ohms, the impedance of free space

p = 4m x 107 henrys/mho
fe=c/2a

o ~ 1.57 x 10?mhos/meter for brass

and a and b are the major and minor inside dimensions of the waveguide.
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The temperature dependence of this attenuation is due to the linear ex-
pansion coeflicient of the waveguide material; as the temperature increases, the
dimensions of the waveguide increase relative to the wavelength, lowering the
cutoff frequency. The conductivity also has a temperature dependence, being
roughly proportional to the inverse absolute temperature. The WVR tempera-
ture coefficients of the gain of the receiver system are called C, 4233 and C,,431 4,
and are defined as (Kelvins change in the noise diode injection temperature
T.a)/(Kelvins change in ambient temperature). T,y is the increase in measured
antenna temperature realized by turning on a broad-band noise diode that in-
jects white noise into the antenna waveguide via a Moreno 27dB crossguide
coupler. The temperature coefficients C,,4 are established by performing tipping
curve calibrations across a range of ambient temperatures, and regression fitting

a linear dependence of T, 4 vs. ambient temperature.

dT ~ 4T

Crna (4.21)

Although the change in receiver gain is seen in the tipping curve fundamen-
tal calibrations, for simplicity it is instead applied in the correction algorithm
to the stable noise diode reference that carries the gain calibration, rather than
being applied to the sky data. Decreases in receiver sensitivity due to antenna
path losses are therefore reflected as increases in the internal noise diode cali-
bration level. If we assume that all of this temperature coefficient comes from

temperature dependent waveguide losses o, we can write:

dT4 da
— — kel 4.22
Cnd dT nal dT ( )

The temperature dependence of waveguide absorption due to dimensional

and conductivity changes is:

da( /length ]")_Qf’iﬁlﬁ+a“ﬂ+_aﬁi‘i
g7 \PEPeTSIengtn R = G AT T b dT T 0o dT
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“QH 1 N 3 da 1 db+1da}

_ : : da db  1do

a((£)°-1) a1+ 5E) )T (14 2(f)")dT 2047
(4.23)

Notice that Il{di% and %% are the thermal expansion coefficients; the coef-

ficient of linear expansion for the brass waveguide material is:

1da 14db
2L 2 (4.24)

kras =20 1~6—_— =
brass W= T har

The temperature dependence of conductivity o for brass is (the 50 micron

gold plating is only to prevent oxidation, and does not affect the conductivity):

d .
ng = —.002/C (.004/C, aluminum feed horn) (4.25)

The temperature coefficients can therefore be expressed as:

da
Cha = TndLgT

= dLa : - & - ! brass_ﬂ—
anL{[(l_(}%)g) (1+;_b(%)z) <1+%(%)2>}k 2adT}

c

2 3

~ ndLOt{ t <(%)2 - (7,:)2) + (1 + (%:)2)

} x 0.00002 + 0.001} (4.26)

for a ~ 2b, the typical aspect ratio for rectangular waveguide.

For WR34 waveguide in brass, a = 0.340 inches, b = 0.170 inches, and
conductivity ¢ = 1.57 x 10" mhos/meter. Table 4.6 below summarizes the

theoretical temperature cocflicients for this waveguide size.
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TABLE 4.6 Sources and Magnitudes of WR34
Waveguide Losses and Temperature Coeflicients

F Quantity 23.8 GHz 31.4 GHz
a, Nepers/inch 00270 00217
Chna/inch, K/K-inch
cutoff effect —0.000028 —0.000014
conductivity effect +0.000544 +0.000444
total +0.000516 +0.000430

Additional temperature dependence could come from the corrugated feed
horn, which i1s of WR34 scale, 4” long, and made of aluminum. The conductivity
of aluminum is about 2.5 times that of brass, and the temperature coefficient of
the conductivity of the feed horn is 0 = —.0039/C, about twice that of the brass
waveguide. I would expect the feed horn to have a coefficient roughly four times
that of the brass waveguide; the sum of the waveguide and feed horn coeflicients
does not account for the observed temperature dependence and is of the opposite

sign.

The above investigation of temperature dependence of gain in the antenna
subsystem due to waveguide cutoff and to conductivity does not explain the
gain temperature coefficient that the WVR-1100 exhibits (up to 5 x 107%). An
experiment wherein the gain of the WVR was measured as the feed horn was
heated revealed that the temperature dependence might be due to changes in
feed horn properties. The change in conductivity of the aluminum feed horn has
been shown to be negligible. The effect of the change in vswr with temperature
is thercfore investigated below. Subsequent to the below analysis the experiment

was repeated and a faulty waveguide component was found.

The variable standing wave ratio is defined as a function of the power re-

flection coeflicient by:
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1-T

= , 4.
vswr = 2 T (4.27)
and conversely:
1 — vswr
N=——— .
1 4+ vswr (4.28)

A propagating signal experiences a reflection at each change in impedance
(mismatch) that it encounters. For the feed horn-isolator subsystem there are
multiple reflections between the two components that can result in standing
waves and that lose power due to transmission at each impedance change. For
this interaction (with feedhorn to waveguide power reflection coefficient I';, and
isolator antenna port reflection coefficient I';), the antenna signal is diminished

as it passes through these components by:

I=1,(1 =Tx)(1 -T)(1 4+ TiTheosd + (TiThcosd)? + (IiTheosd)® +...)

= I,(1 —T})(1 = I;)eliTncos? (4.29)

where the phase angle ¢ = 47"1 [ is the phase distance between the reflectors.
The temperature dependence of gain (loss) upon the feed horn vswr and

waveguide length temperature coeflicient is:

dl

— = (Ficoscﬁ — 1 >8Fh

o do

I oT

Now,

ﬁ _Am dl' 4rl' 1 dl'

- = (= 4.31
dr A dT A (l' dT) (4.31)

where !’ is the length between the reflections that is changing with tem-
perature; e.g., the portion of the path that is not temperature controlled. Note

that

1dl

il 4.32
dr ( )
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is the thermal coefficient of expansion for the brass (aluminum) waveguide
(feed horn) = 20 x 107%(25 x 1075). For this system, I’ is effectively about 3\
in brass (the waveguide) and 9X in aluminum (the feed horn) at 23.8 GHz.

The measured vswrs and calculated reflection coefficients for the isolator

and the feedhorn/GOA are given below.

TABLE 4.7 VSWR and Reflection Coefficients
of WVR antenna system components

component VSWr reflection coefficient T’
dual junction isolator 1.1 .05
gaussian optical antenna 1.15 07
corrugated feed horn (est.) <~ 1.05 <~ 0.025

It 1s not practical to theoretically predict the temperature coefficient of the
feed vswr (%)’ because a large component of this effect would come from man-
ufacturing variations. The effect was therefore measured by thermally insulating
the feed horn and heating the horn while measuring the gain of the WVR and
measuring the physical temperature of the feed horn. Thermal insulation of the
feed horn from the antenna waveguide was accomplished with a 1/2” section of
ABS plastic WR34 waveguide, plated in copper and then gold. Gain was mea-
sured by alternately observing a LN2 and an ambient target. The temperature
of the feed horn was cycled quickly to avoid heating the Rexolite lens and other
GOA components. The feed horn was found not to vary in transmission or vswr
with temperature, within the resolution of the experiment. One of the Moreno
noise diode crosscouplers was found to be sensitive to the physical strain caused

by heating the feed horn, and was reworked and replated.

4.6.2 Temperature coefficient of the system electronics - the ana-

log board

No components on the digital board that would affect the gain with tem-
perature variation were identified.

Several receiver voltages and currents are controlled by the analog board.
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These are the RF deck physical temperature control, the Gunn oscillator sup-
ply voltages, the Gunn simmer voltages, the noise diode current, the noise diode
simmer current, and measurement of the physical temperature of the black body.
Only the noise diode output variations and black body temperature measure-
ments can contribute to gain reference errors; because the receiver gain is mea-
sured at each observation, receiver gain drift is taken out of each observation.
The error and temperature drift in black body temperature measurements are
directly proportional to the error and drift in the reference resistance associated
with the two blackbody temperature sensors. These resistances are high preci-
sion, 0.01% and 5 ppm/C (RN55C mil spec metal film resistors are typically 1%
“and 200 ppm/C).

A noise diode 1s used as a gain reference for the WVR receiver. The output
of this reference is dependent upon its drive current. This current is compared
to a precision voltage reference via a shunt resistor. We are searching for sources
of about £500ppm /C. The voltage reference has a maximum temperature coef-
ficient of +2.5ppm/C, and is therefore not part of the observed gain drift.

Two OPA27FZ precision instrumentation op amps are associated with the
noise diode current control. These op amps have a maximum input offset voltage
drift of 1.3 pvolt/C for a total maximum drift of less than +3ppm/C. These op
amp drifts are therefore ignored.

To determine the effect of temperature changes on the noise diode current
regulator circuitry, and therefore upon the noise diode power output, the vari-
ation of noise diode output with current was measured, and the specification
resistance coefficient of +200ppm /C for the 1% resistors was used to calculate
the overall gain reference temperature coeflicient. The noise diode video output

for one receiver was found to be:

Vndas.s(volts) = 1.805 — 0.0668i(ma) (4.33)

Vnaz1.4(volts) = 0.703 + 0.0910:(ma) (4.34)
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over the range of 8 to 11 ma. Or as fractional changes, which are directly related

to changes in the gain reference:

: dvy di

d(gazn23,8) = %ﬁ >~ *061, ! (435)
. dVndz1. di

d(gaingy 4) = ﬂvdii o +[].6i ' (4.36)

There are 7 resistances in the noise diode current regulation circuitry,
all of which have roughly the same directly proportional effect upon the cur-
rent regulation. The rms coefficient due to resistor tolerances then becomes

+200ppm X /7 ~ 0.0005, and the gain coefficient becomes:

d(gainas g) dVnao3s  dVndoas _di
S = e = et = £0.6x0.0005/C = £0.0003/C (4.37)
. dV, dV. di

d ndal 4 nda1a _di

(gaczl;m.‘l) — ‘C/Zju: = Vzl:c ’(;3: = :}:[]6)((]0(]05/0 — :}:00003/0 (438)

tave

These coeflicients are of the magnitude of the observed 0.0005/C gain coef-
ficient in the WVRs. These resistances have therefore been replaced with 0.01%

and 10ppm/C resistors.
4.6.3 Conclusions regarding the temperature coefficient of gain

Antenna system: The above analysis shows that the temperature coefhi-
cient due to physical change in waveguide size and to the change in conductivity
with temperature are insignificant effects relative to the observed temperature
dependence of WVR receiver gain with temperature. The origin of the observed -
temperature coeflicient remains uncertain, but can be measured for the WVR
and is sufficiently stable and predictable. An appropriate correction can there-
fore be modeled.

Yet unexplored candidates for the coefficient are: strains that change with

temperature in the waveguide system (especially the noise diode cross coupler)
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(high probability), change in insertion loss of the Rexolite lens (low probability),
hygroscopic uptake of the Rexolite lens (low probability), and change in feed horn
_sidelobe patterns with temperature (remote probability).
Electronics: Two elements of the electronics system require high thermal
stability; the measurement of the black body temperature, and control of the
noisc diode current. High precision resistors are implemented where required.

None of the ICs required higher temperature stability.

4.7 Observation reduction algorithms of the Radiometrics WVR-

1100 water vapor radiometer
4.7.1 The radiometer measurements

The radiometer makes sky observations by making a series of radiometric
measurements in the following manner, but not necessarily in the given sequence
(the sequence and content of the sequence are user-selected).

1) A radiometric measurement of the blackbody target of known temper-
ature i1s made with the noise diode off by turning the antenna mirror to the
blackbody. This measurement includes the antenna and mirror system, but not
the hydrocarbon microwave window.

2) A radiometric measurement is made with the noise diode off of the sky.
This measurement includes the antenna, mirror, and hydrocarbon window.

3) A radiometric measurement is made of either the sky or the blackbody
(or both) with the noise diode on. This third measurement, when subtracted
from the measurement of the same target with the noise diode off, gives the
temperature (in counts) added to the receiver by the noise diode.

Additionally, at the dictate of the operator, some of the observations can

be repeated or omitted in each observing cycle. This measurement routine is

user defined in the WVR.cfg file.
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4.7.2 The radiometer equation

The radiometer equation for the Radiometrics WVR is:

(Nbb - Nsky)

Tsky = Thp — e

(4.39)
where all terms contain their inherent errors and uncertainties, and where G,
the gain of the receiver, is:

_ Nipyna — Ny

G
Tnd

(4.40)

and where

Tsry 1s the temperature of the field of view of the antenna (sky), as cal-
culated from receiver observations. This observation includes the subKelvin
contribution of the hydrocarbon window.

Ty 1s the physically measured blackbody temperature

Ny 1s the number of counts, or zero crossings, of the output of the V to F
converter while the antenna field of view is directed to the blackbody.

N,y 1s the number of counts of the output of the V to F converter while
the antenna field of view is directed to the sky.

Npptna 1s the number of counts while the antenna field of view is directed
to the blackbody and the noise diode is on.

T4 1s the temperature added to the antenna waveguide by the noise diode.
This added temperature is predetermined from tip curve calibrations.

The errors in these measurements were described in Table 4.3.

Determination of 15,4 is described in the following section, entitled Tipping

(Tip) Curves as Calibration.

4.7.3 Tipping (tip) curves as calibration

The radiometer gain is calibrated utilizing tipping curves. Sky observations
are made at several different elevation angles, and therefore through several

alr masses. Assuming homogeneous sky conditions, assumptions about these
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observations can be made that allow us to estimate both the zenith brightness

temperature and the instrument gain without any a priori knowledge of either.

The assumption that is made is that opacity is a linear function of air mass and
that the intercept of this function must pass through the origin since at zero air
mass there should be zero opacity.

The following method is adopted from methods due to Hurst [1987] that
were subsequently incorporated into éoftware methods by Rocken and James
Johnson of UNAVCO. In order to begin the calibration, we must first make a
guess at either the zenith brightness temperature or the gain of the instrument.
From this first assumption, opacity is calculated for each air mass. A fit of
opacity vs. air mass is then made and the intercept noted. If the intercept passes
through the origin within a tolerance of 0.0001 nepers, then it is assumed that
the initial guess was correct and no further calibration steps are necessary. If,
however, the intercept does not pass through the origin, then the opacity at each
air mass is moved such that the linear fit does pass through the origin. These
new opacities are then taken to be actual opacities and brightness temperatures
are recalculated at each air mass. The gain of the instrument is calculated at
each air mass by comparison to the black body measurement then averaged to
give a new estimate of the radiometer gain. The process is then repeated until
the intercept is with in tolerance of the origin or a maximum of 5 iterations have
been made. A detailed outline of the algorithm follows:

(1) Observations (N, ) are made at n elevation angles (el;) and air mass

(AM;) is calculated:

1

sin(el;)

AM; = (4.41)

(2) Gain of the instrument is estimated using the current value of the noise

diode:

_ Nebtnd — Ny

G
Tn d

(4.42)
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(3) Brightness temperatures are calculated at each elevation angle:

Tsky.- - Tbb-G—] (Nbb - ]\rsky};) - (Tcorrbw + Tcorrw,-n) (443)

The last two terms are corrections due to beam width and the radiometer

window, respectively.

(4) Opacity is calculated:

Tor — Teosmi
; — l ( mr cosmaic. )
= in( e ) (4.44)
(5) A least squares fit is calculated for opacity vs. air mass:
[a,b,7] = LSFIT(AM, 1) (4.45)

Where 7; = a- AM; + b and r is the regression coeflicient.

(6) If the intercept is within tolerance of the origin, then we stop and use
the current gain’as the gain of the radiometer. If this is the second iteration,
then we continue even if the intercept is valid. This is because when we convert
corrected opacities back to brightness temperatures, we must put back the beam
width and window corrections. The beam width corrections that are used to
‘uncorrect’ the brightness temperatures are the values obtained in step (3) and
may not be valid if new brightness temperatures are extremely different from
the old brightness temperatures. Therefore if we iterate at all, we make sure we
do it at least twice so that we ‘uncorrect’ the new brightness temperatures with
a reasonable beam width correction value.

(7) Adjust opacities to force intercept to go through the origin and recalcu-

late brightness temperatures:

T; = T%—- b (446)
Tsky; = Tmr - (Tmr - Tcosmic)e—ri + (Tcorrbw + Tcorrw;n) (447)

(8) A new gain is calculated by averaging gains obtained at each new bright-

ness temperature:
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Nbb - Nsky,'

Gnew~ -
Y Ty — Toky,

(4.48)

G = Gncw (449)

(9) We go back to step (3) to check to see how well our new gain will give
an opacity fit that goes through the origin.
(10) Once we have a gain we are satisfied with, we check the regression
coefficient for the last fit to opacity vs. air mass. If it is greater than the value
read in from the WVR.cfg file, then the tip curve is considered to be good and
a new noise diode value is calculated using the new gain. This new noise diode Vb,

is then used to update the exponential average of the noise diode:

Trdnew = G (Nobgnd — Nop) (4.50)

(4.51)

new

TndNeszpAve = O'QTndOldE:pAuc + 0'1Tnd

Note that errors in the mean radiating temperature T,,, do not effect the
noise diode calibration. This is because, after the opacity values are iterated to
intercept zero at zero air masses, the receiver offset at zero air masses (0K) and
the receiver video while the antenna is at the blackbody are used to determine
receiver gain. These values are independent of the selection of T},,. This gain
is then transferred to the noise diode.

Errors in T, do affect calculations of opacity from line-of-sight brightness

observations, however. This error source was discussed in Chapter 3.2.

4.7.4 Line-of-sight measurements

Line-of-sight values are determined by making an observation of the sky
(with window and beamwidth corrections, see below) and of the blackbody. The
blackbody measurement determines the receiver offset, while the noise diode
determines the receiver gain. The sky temperature is then calculated in the

following manner:
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Toky = Typ — G™ (Nop — Noxy) (4.52)

where:
G = Novand = Np (4.53)
Thd
or
G- Nokytnd — Nsky (4.54)

Tnd
The reference target is the choice of the user, as defined in the WVR.cfg file.

4.7.5 Software corrections to the observations

1) Hydrocarbon window correction: The contribution of this window
is known from manufacturer’s specifications, and is entered into the WVR.cig
file. The increase in observed temperature is of the magnitude of 0.5K, and
is proportional to the difference between ambient and sky temperature. This
contribution is calculated as follows.

The insertion loss within a nonpermeable dielectric is:

insertion loss(d—B> = —ZW—(i(jﬁ)—\/%—d [\/1 + tan?éq) — 1] (4.55)
0

cm

These losses contribute to temperature by reradiating to the same extent as
the insertion loss. The hydrocarbon window used by Radiometrics in the WVR
has the following electrical properties that create an insertion loss:

dielectric constant € = 1.06

loss tangent tan(é4) = 0.0001

thickness 0.125 inches = 0.32¢m

The insertion loss calculates from (A) above to be:

dB .0028
insertion loss<~——> = (4.56)
cm Ao(em)
or
insertion loss(dB )38 = .00071dB (4.57)
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insertion loss(dB)31 4 = .00094dB (4.58)

for .32¢m hydrocarbon foam material.

This represents an insertion contribution of:
23.8 — 0.00164(K/K) (4.59)

31.4 — 0.00217(K/K) (4.60)

where the (K/K') represents the temperature contribution per K of temperature

difference between the target and ambient.

We need to consider the reflections from the front and back surfaces of the
dielectric. The window is near A/4, the criterion for destructive interference for
reflection. For 23.8 GHz, this A/4 criterion is sufficiently satisfied, but for 31.4

G H z there 1s a slight reflection. The reflection at each interface is:

reflected power {\ﬁ— 1

S LVe+ 1
After applying the phase thickness of the window at 31.4GH z, this results in a
coeflicient of 0.0001K /K.

r — 0002 (4.61)

incident power

The insertion loss at 23.8 GHz, and the insertion loss and reflection at 31.4

GHz result in the following coefficients:
0.00164K/K at 23.8 GH=z (4.62)

0.00227K/K at 31.4 GHz (4.63)

Again, these coeflicients are applied against the difference between the tar-

get (sky) temperature and the window (ambient) temperature.

2) Antenna beamwidth corrections: Corrections to brightness are
made in software to compensate for the finite beamwidth of the field of view.
The theoretical antenna pattern is that of a circular aperture, with Bessel func-

tion ficld solutions. In practice, the E plane and H plane patterns differ from

100



theoretical because of less-than-ideal conductivity and construction of the feed
horn and lens, with the E plane typically deviating from theoretical more than
the H pattern.

The pattern of a feed horn can be described as a gaussian central lobe, with
the sidelobes approximated as a Lorentzian function (see Lundquist and Potash,
1985). The Radiometrics antenna is a lensed feedhorn, yielding the performance
of a feed horn much larger than is incorporated. The feed horn is éorrugated
to modify the field in the E-plane from uniform at the apex of the feed horn
to cosine at the aperture. The lens focuses plane wave signal incident upon the
antenna into the phase center of the feed horn. The usual drawback of such
a lensed antenna is that the Rexolite lens has an insertion loss and therefore
contributes to antenna temperature, but this is overcome in the Radiometrics
radiometer by measuring the blackbody reference through the antenna system,
thereby including the Rexolite in the measurement.

Although the sidelobes of the gaussian optical antenna are down from the
central peak (about 30 dB for the first sidelobe), the sidelobes are at a larger
radius, and therefore can incorporate significant area and are located well off
the central axis. Segments of the sidelobes can therefore receive from elevation
angles (and therefore, from paths through air masses) very diffcrent from the
central axis. This effect is especially significant at low antenna angles. For
example, an observation at 30 degrees elevation is in error by about 0.4% of the
air mass value for a § degree FWHM antenna, and about 1.4% at 20 degrees
[Elgered, et al., 1985]. These biases are mitigated somewhat, but not eliminated,
in tipping curve calibration by the linear fitting of opacity to air mass.

The beam correcting routine presently implemented is adopted from the
Kamikaze software of S. Robinson, JPL. In this routine, the sensitivity of the
GOA is approximated by a gaussian curve, rotated about its center to generate
a pattern symmetrical about the central (propagation) axis of the antenna. The
sidelobes are ignored. Because the logarithm (utilized to calculate opacity) is

a transcendental function, an iterative solution is required. The brightness cor-
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rection is iterated until the change in brightness correction is less than 0.05K.

The iterated correction to the brightness temperature is:

0.36067(Th z — Ty)(FWHP beamuwidth)?r

Teorr =
2/cos?8 — ttan?6

(4.64)

where:
Teorr 18 the correction to the brightness
6 is the zenith angle of the beam center

This correction is subtracted from the observed brightness temperature.

3) Receiver temperature correction: The microwave receiver is tem-
peraturc controlled to within several Kelvins. The noise diode mount is con-
trolled to within several hundredths of a Kelvin. Not temperature controlled,
and therefore floating at ambient temperature, are:

(1) The hydrocarbon microwave window, as described above.

(2) The gaussian optical antenna, including the Rexolite lens and the ab-
sorber inside the barrel and on baffles within the antenna housing.

(3) The corrugated feed horn within the gaussian antenna.

(4) A short (about 3”) 90 degree E-bend section of waveguide that cou-
ples the antenna system to the temperature controlled receiver. One end of
this elbow is at ambient temperature, and the other is at the receiver tempera-
ture. This short section of gold-plated WR34 waveguide has an insertion loss of
about 0.06dB, and varies slightly with ambient temperature. This temperature
dependence is analyzed in §4.7.1.

There is a slight dependence of gain of the radiometer receiver upon the
ambient temperature. Because this coefficient can occur with either a plus or
minus sign, it cannot be solely attributed to temperature dependent insertion
losses of components (which would always be minus), but rather is presumably
due to a change in vswr and matching of one or more of the above uncontrolled
components. This coeflicient is of undetermined origin, varies from instrument

to instrument and between the two channels, and can be as great as +0.04%
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change in gain per Kelvin. The coefficient is applied against the noise diode
injection temperature, and therefore against gain, as the dependence manifests
itself as a linear effect upon gain of the receiver.

There are temperature dependent offsets (as opposed to gain) that are due
to losses in components that are not temperature stabilized. These components
are contributors to measured temperature to the same extent that they are
losses, with their radiative contribution proportional to their physical temper-
ature. The contributions include ohmic losses in the waveguide and feed horn,
dielectric losses in the Rexolite lens, and antenna sidelobes that terminate in
absorber rather than intended target. Offset changes due to these contributions
of antenna system losses are accounted for by referencing to the blackbody in
the measurement cycle. The receiver system equivalent temperature Ty,,, and
therefore antenna thermal contributions, are included in the counts measured at
this target.

This temperature coeflicient of the gain is determined by performing many
tipping curves through a range of ambicnt temperatures, and then taking a linear
regression (least squares) fit of (noisc diode injection temperature) as a function
of (blackbody temperature). The ND_Calib.log file contains raw gain (noise
diode injection temperature) data along with ambient temperature (blackbody)
data, and 1s therefore a convenient source of data for this regression fit. This
coefficient 1s expressed as K/K (Kelvins change in T;,4 per Kelvin change in
ambient temperature, Ty ), and is entered by the user into the WVR.cfg file.

A number of valid (passing) tips (more than, say, 10) must be performed
after this coefficient is changed to allow the compensated and averaged Thq4
values to converge to their correct value. Alternately, one can use the regressed
values to determine the noise diode injection temperature at Ty,,m, 290K, and

insert this value into the ND_Calib.log file for the last entry.
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4.7.6 Quality control algorithms

There are several checks that are made upon the operation of and values
produced by the radiometer. If any of these checks are out bounds, an error
message 1s written to the screen, and is be written to a file named yjjjhhmm.err
(year-Julian day-hour-minute.err) when the WVR.exe Version 4.0 code is com-

pleted.

The performance checks, in the order that they are made, are listed below.

The following EPROM checks are performed upon power-up.

Ground and +10 volt precision voltage reference checks with voltage-to-
frequency converter. These measurements must be in bounds, or the comment
V to F problems is echoed.

The elevation of the mirror is brought to zero (nadir) upon initialization.
The azimuth drive, if attached, is then indexed to zero. At present, failure of
either of these rotations to find the index flag does not produce an error meésage.
Such flagging 1s being considered. Instead, the stepping motors will step 30,000
steps (750 motor revolutions, mirror; 1500 motor revolutions, azimuth drive)

and then halt.
The following checks are performed in the FORTRAN code.

System voltages are measured and compared to predefined limits. These
voltages include power supply voltages, Gunn diode oscillator voltages, noise
diode voltage, and physical temperatures of the blackbody, mixer, and Gunns.

The Gunn/mixer stability is checked by turning on each Gunn separately
and observing consecutive 0.5 second video voltage readings while the antenna
is at the blackbody. Readings are taken until successive readings are within
500 microvolts of each other. This test may take some time if the receiver is
cold. It will take from 5 to 15 minutes for the microwave receiver to warm to its
preset physical temperature, depending upon the receiver initial temperature.
Each test is annunciated to the screen with an asterisk (*). This testing can be

passed over by pressing ENTER at the keyboard.
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The blackbody (and internal cabinet temperature) will float several degrees
above ambient temperature because of power dissipated by the receiver and its
heater. The blackbody has two physical temperature sensors. The values from
these two sensors are averaged. Should either of these sensors fail and give a
temperature reading less than 250K or greater than 350K, or if the temperatures
differ by more than 1K, an error is annunciated to the screen and is written into

the yjjjhhmm?*.err file.
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Chapter 5 The WVR and Geodesy Experiments and Results

5.1 The UNAVCO-Platteville Baseline

After the two radiometers were characterized in local experiments, the ra-
diometers and two Trimble”™ 2000SST 8 channel dual frequency GPS receivers
were located at each end of a 50 km baseline between the UNAVCO facility at
Boulder and the VLBI site at Platteville Colorado NE of Boulder. This exper-
iment was to determine the increase in vertical accuracy (if any) that could be
realized by removing water vapor anisotropies with pointed WVR observations.
GPS phase data were taken at 30 second intervals for all satellites above 15
degree elevation angle. The WVR elevation mask was set to 10 degrees so that
interpolation of WVR data could be performed down to the 15 degree GPS mask.
Data at the UNAVCO end were manually downloaded every 4 days. GPS data
from Platteville were automatically downloaded each night. The radiometer at
Platteville was operated via a MUXed dedicated NOAA telephone line that ter-
minated at NOAA Wave Propagation Laboratory (WPL) in Boulder. Data were
retrieved via Laplink cable from the PC to a laptop computer at NOAA WPL
every week. The telephone links were very reliable, with the exception of a cable
cut by a backhoe and a lightning hit. The Platteville site was visited several
times during the 4 months of operation (August through December), but was
otherwise unattended.

Satellite ephemerides were obtained from the GPS receivers and read by
the WVR controlling program. This program determined which GPS satellites
were above a preselected elevation angle (15 degrees), ranked them by azimuth,
and then measured the water vapor along the propagation path to each of these
satellites in sequence. In addition to the elevation cutoff, an elevation mask was

established at each site to eliminate obstructions such as radio towers and trees.
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A solar software mask was also created that removed data that had included the
sun in the main antenna lobe of the WVR.

Each pointed WVR observation took about 1 minute. This ranking and
observing routine was then repeated for 12 hours, at which time 4 orthogonal
tip curves were performed to verify calibration of the WVRs. At the end of
each 24 hour period, the WVR program was terminated to close the data files,
and the computers rebooted in the event that the RS232 port(s) had locked up.
RS232 ports under DOS are prone to problems.

In September it was found that the WVR tripod at Platteville had slipped,
bringing the WVR about 2 degrees out of level. It was determined from the
tip curve data when the slump occurred, and line of sight data were corrected
accordingly. Slight WVR elevation pointing errors were corrected by a simple
cosecant function correction. On December 19 it was found that the radiometer
mount at UNAVCO had loosened and the radiometer had rotated. From low-
angle brightnesses it was determined when the radiometer had rotated, and data
that were erroneous in azimuth were mapped to and used for zenith calculations
only. Because these were not true zenith observations, they were averaged for
20 minutes. The laptop computer clocks had been set 12 hours off on several
occasions; we were able to find and correct these .occurrences, but the pointing

data were erroneous and could only be used for zenith calculations.

5.2 Results

A total of about 600 hours of usable WVR data were collected. Of this data
set, there were 19 days of data with more than 20 hours and where all observa-
tion systems were operational. For convenience and rapid reference, WVR and

surface meteorological data were catalogued as in Figure 5.1 below.

Bernese (Astronomical Institute at the Universitat Bern, Switzerland) ver-
sion 3.3 [Beutler et al., 1987] software was modified by Chris Rocken of UNAVCO
to include Kalman filter and by Teresa Van Hove of UNAVCO to include least
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FIGURE 5.1 Typical field data

atmospheric delay estimates, and to ingest the WVR and surface mete-

orological data and then solve the WVR-corrected GPS data.
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We used the Saastamoinen model [Saastamoinen, 1972] which relates surface
pressure, temperature, relative humidity, latitude and altitude of the site, to the

zenith propagation delay. This model is:

0.002277 | P, + [12]c, |

AL* =
1 —0.0026(1 — sin?¢) — 0.00032H (5.1)
or, as implemented in the Bernese software,
0.002277 125
AL = """ [Ps + [———5 + 0.5] e, — b X -tanze}
cost T,
+small tabular (lookup) correction (5.2)

where Py, Ty, and ¢4 are the surface values of pressure, temperature, and
vapor pressure (millibars, Kelvins), and ¢ and H are latitude and ellipsoidal
altitude of the observing site. This zenith delay must be combined with a map-
ping function to determine off-zenith delays. The Cfa-2.2 model of Davis [1985]
is considered a good representation. The Bernese software offers the choice of
many mapping models, including Saastamoinen, Hopfield (modfied), and Marini
Murray. Because the Bernese and other GPS processing software solves in a
least squares sense for corrections to the zenith tropospheric delay, solutions are
somewhat insensitive to the starting model. The Bernese software used herein
incorporates the Saastamoinen model.

Because of the poor correlation of surface relative humidity and surface tem-
perature in the boundary layer with values aloft, in all cases below, the surface
temperature was taken as +18C and the surface RH as 50%. The pressure was
scaled to the antenna height relative to sea level at standard pressure (1013 mb)
and a lapse rate of Tkm.

The results of the vertical repeatability of the UNAVCO to Platteville base-
line are described below and are summarized in Table 5.1 and in the bargraph
below. The three methods utilizing pointed WVR observations (PWVR) were
superior to all other methods. Two different sets of orbits were utilized, from

the PGGA (Permanent Geodetic GPS Array) and from CODE (Centre for Orbit
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Determination, Europe). The PGGA orbits were available for 19 of the 26 data
days; the CODE orbits were available for all days. The CODE orbits resulted
in better repeatability, presumably because they are derived from longer or-
bital arcs than the PGGA orbits. The results in rank of increasing repeatability
(precision) with 26 days of CODE orbits are:

(a) Saastamoinen model with no least squarcs estimation of tropospheric
delay allowed.

(b) WVR observations along the propagation path to each of the GPS
satellites mapped to the zenith with a simple cosecant function and averaged
over 10 WVR observations (about 10 minutes of observations), and no estimation
of tropospheric delay allowed in the GPS solution. Surface pressure was used
for the “dry” tropospheric delay.

(c) Saastamoinen model with least squares estimation of tropospheric delay
allowed on a 24 hour basis.

(d) Saastamoinen model with least squares estimation of tropospheric delay
allowed on an hourly basis.

(e) Saastamoinen model with Kalman filtering following the methods of
Tom Herring of MIT, and holding the state vector (3 spatial coordinates, the
satellite cycle ambiguities, and the allowed time rate of change of the atmospheric
delay) fixed for the first 11 epochs. This stabilizes the Kalman filter but costs
some repeatability. Otherwise, the position solution oscillates for several epochs
until the (underdamped) state vector stabilizes. The tropospheric delay was
constrained to change no faster than 4 x 1078cm?/sec. The same repeatability
was realized by only allowing 1 x 1078cm?/sec tropospheric change, and by
constraining the Kalman state vector for the first 11 epochs to stabilize the
solution.

(f) Saastamoinen model and Kalman filtering as above, but without holding
the state vector fixed at the beginning of the data set.

(g) WVR observations along the propagation path to each of the GPS satel-

lites, with daily least squares estimates of a spherically symmetric troposphere
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allowed in the GPS solution.

TABLE 5.1 Vertical repeatabilities (mm) under
different measurcment and analysis methods

and with CODE and PGGA orbits

Method CODE PGGA
26 days 19 days
a) Saastamoinen, no
tropospheric offset 11.8 12.85
b) zenith WVR 5.4 5.6

c¢) Saastamoinen w/daily
tropospheric estimate 4.9 7.5

d) Saastamoinen w/hourly
tropospheric estimate 4.6 6.8

e) constrained Kalman

filter (11 epochs) 4.5 7.4

f) unconstrained Kalman
filter 4.4 6.6

g) pointed WVR w/one
daily tropospheric estimate 3.8 5.1

h) Pointed WVR w/no
tropospheric estimate 2.6 2.7

1) Pointed WVR w/hourly
tropospheric estimate 2.3 3.3

(h) WVR observations along the propagation path to each of the GPS

satellites, and no estimation of tropospheric delay allowed in the GPS solution.

(i) WVR observations along the propagation path to each of the GPS satel-
lites, with hourly least squares estimates of a spherically symmetric troposphere

allowed in the GPS solution. Allowing one more degree of freedom, the estima-
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tion of tropospheric offset, improved the repeatability about 15% and diminished

the vertical offset bias of the PWVR solutions from the Kalman and other solu-

tions. Presumably this estimation of the residual troposphere served to partially

remove this offset.

Saastamoinen mode! with no
tropospheric offset estimated

Zenilh average of pointed WVR
observations

WVR with one tropospheric
offset each day

Saastamoinen model with daily
tropospheric offsets esitmated

Saastamoinen mode} with
" hourly tropospheric offsets

Modified Kalman filter
(constrained, first 11 epochs)

Original Kalman filter

WVR with hourly tropospheric
offset estimates

Pointed WVR alone

Platteville-UNAVCO baseline results

!
4 6 8
Vertical Repeatability, mm

10

12
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T
{ M 28 days, CODE orbits |

i} 19 days. CODE orbits

i
!

M 19 days, PGGA ombits

FIGURE 5.2 Comparison of the several data reduction methods that were employed.
Repeatability of hourly solutions was about 40% better with PWVR solutions than

the next best method.

The pointed WVR solutions (h) showed nominally a 9 mm bias from the

Kalman and least squares solution methods (Figure 5.3). When a least squares

estimate of residual tropospheric delay was allowed in the position solution, this

bias disappeared (although the repeatability degraded). We therefore suspect

a barometric pressure measurement offset. The surface pressure measurements
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were required for these pointed solutions but not for any of the other solutions
performed. A pressure bias at either the NOAA surface meteorology station at
Platteville or the NCAR PAM II station proximate to the UNAVCO site, or
alternatively, an error in measurements of the elevation differences between the
sensors and the GPS antennas, or a combination of these errors would account
for the observed bias. The pressure transducers were not accurate to submillibar
levels, and further, one had not been calibrated in years. This bias in vertical
dimension would reflect about a 1 mb error in the pressure sensors, or about a

9 meter error in the elevation differences.

The zenith WVR vertical repeatability results (5.4 mm precision) are some-
what consistent with the repeatabilitics found by previous investigators. That
the pointed WVR observations improved repeatabilities (2.6 mm precision) by
a factor of two indicates that azimuthal and other variations in wet path delay

can significantly degrade GPS positioning.

PWVR + HLS Zenith WVR PWVR + DLS
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FIGURE 5.3 Difference in height of UNAVCO and Platteville, as determined by the
various data reduction methods. Kalman filter and lcast squares methods were offset
by morc than 1 em from the pointed WVR solutions. The unexplained offset may
be due to surface pressure measurement offset, important to the PWVR solution.
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Water vapor gradient solutions of VLBI data have been attempted with
only occasional success [Tom Herring, personal communication]. The inference
is that anisotropies in water vapor are not generally simple gradients, but often
somewhat random inhomogeneities.

Inhomogenieties of a more random characteristic (of smaller spatial scale)
have been observed in this thesis experiment. Chris Alber of UNAVCO is study-
ing the spatial structure of the sky in water vapor in his PhD thesis effort, and
finds differences as great as 5 ¢m in zenith-mapped vapor delays across some
skies. The average zenith delays were about 10 ¢m; rms variations for the pe-
riod of this experiment were on the order of 1.5 ¢m. Gradients were not often
in evidence in these Colorado skies, indicating that estimations of gradients via
the GPS solutions for inland sites may not show much improvement over tropo-

spheric estimations without gradients.

5.2.1 Experimental errors

1) Retrieval errors are about 2 mm of water vapor under clear skies and
near 4 mm for cloudy conditions (see §3.6). However, because of the similarity in
atmospheres at the ends of this short baseline, we found that retrieval and mean
radiating temperature errors tend to cancel. We found no change in repeatability
for significant changes in retrieval coefficients and for changes in T, .

2) WVR errors have been discussed in §4.2 through §4.5, and are esti-
mated at about 2 mm of zenith path delay (0.3 mm of water vapor). The two
radiometers used in this experiment showed an rms difference of about 3 mm (2
mm attributable to each WVR).

3) GPS orbit errors for single differences contribute to baseline errors by
the (vector difference of the unit vectors from each of the two receivers to the
satellite), dotted into the (orbit error). Thus, for short baselines, the effect of
orbit errors upon the baseline vector is minimal. That the quality of the orbits
is important is shown above by the difference between CODE orbit and PGGA

orbit solutions for position. We estimate the orbit errors at about 0.5 mm for
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this baseline.

4) GPS receiver temperature coeflicient effects were discovered in
this experiment (see Chapter 6). These effects arc estimated to contribute to
the error budget at about 1.5 mm or less.

5) Nonzero mean antenna multipath effects tend to modulate the
antenna position by several centimeters in periods of many minutes. Provided
that the observation times are long enough and that the multipath environment
is symmetric or perfectly random, these errors tend to average to zero mean.
From the data we estimate the multipath error to be less than 1 mm . Solutions
for 26 days with 12 hour of data were degraded from the 19 days with 20 hours
of data by 30%; this degradation may be in part to nonzero mean multipath.

6) Total rms error of the above sources calculates to 3.1 mm. We are
obtaining a slightly better experimental result than this (2.9 mm).

7) Bias due to the barometers at each end of the baseline. The barom-
eters at each end of the baseline, necessary to GPS solutions using WVRs, were
only accurate to about 1 millibar, and the calibration on one end was suspect.
The resolution (precision) of the barometers was good, but an offset is suspected
to be responsible for the vertical bias in the WVR 4+ GPS solutions from the
software GPS solutions. A 1 millibar error in each of these barometers would

induce the observed bias.

5.2.2 Sensitivity to length of data set for daily solutions

An increase in repeatability for 24 hour data sets was found. Smaller data
sets occurred at inconsistent periods during the day, and thereforc were random
cycles during the diurnal cycle. We observe a slight diurnal dependence of posi-
tion solutions. There are several candidate causes; from revisiting the field data
it is difficult to separate some of them.

Through laboratory experiments at UNAVCO it was found that the Trimble
SSE receivers have a slight temperature dependence.

The diurnal variation of Ti,» and its variation with weather regimes may be
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a small effect, although it was found that short baselines are insensitive to Th,,.

Another temperature quantity (that can also be calculated from RAOBs) is
T, the mean temperature (not mean radiating temperature of the atmosphere.
This quantity is important to the refractivity of the atmosphere. Recall from
§2.2.3 and §3.6 that refractivity is inversely proportional to the gas temperature
(not water vapor temperature). Because water vapor distribution is different
from the dry atmosphere distribution, this temperature differs from T4, .

The antenna multipath may have some unidentified diurnal dependence,
such as change in the surface moisture of the Bentonitic clay soil at Platteville.
This soil becomes quite ionic with moisture. Surface moisture diminishes under

the heating of the Sun, and incrcases at night because of capillarity and dew.

Slight temperature dependence of the barometer could also modulate the
GPS solution. We propose highly accurate barometers (0.3 mb) mounted in

temperature controlled environs for future precise experiments.

A subsequent field experiment is proposed in Chapter 6 to apply remedies

to this and other effects that were revealed in this field experiment.

5.2.3 Short baseline insensitivity to errors in 7T,,, and in retrieval

coeflicients

Although §3.3 demonstrated the importance of the choice of Ty, , this choice
was not critical in this experiment . Atmospheric profiles, and therefore the
mean radiating temperature, of the short (50 km) baseline in this experiment
were highly correlated. The induced errors are therefore common to both ends of
the baseline and tend to cancel. This insensitivity to T,,, was revealed by solving
the entire data set for vertical accuracy using (a) fixed values for T, and (b)
calculating Trmr at 0 and 12 UT from concurrent Denver RAOBs. The results
were the same, within the process noise. Ty, was also correlated to surface
temperature for 1992 Denver RAOBs, with rms deviations of about 3K. Using

continuous surface temperature to estimate Ty,, in the retrievals also showed

116



little improvement over using a fixed Tp,,. The surface temperatures at the two
ends of the baseline seldom differed by 10 C; presumably the mean radiating

temperatures differed by less.

To test the sensitivity of the experiment to radiometer retrieval coefficients
and line shape models, coefficients were generated with the old 1985 Liebe and
Rosenkranz line shape models. The retrievals were then recalculated using the
more current 22.235 GHz water vapor line shape models of Liebe [1987] as
modified by Keihm [1991], and the updated oxygen line shape model due to
Rosenkranz [1975]. These line shape models include a roughly 8% increase in
the strength of the water vapor line, and a 15% increase in the underlying tail

of the assemblage of oxygen lines at 60 GHz.

These coeflicients were:

TABLE 5.2 Comparison of Denver Retrieval Coeflicients
with old and new line shape models
(see equations 3.15ft)
Coeflicient 1985 Liebe 1991 Liebe/Keihm
water vapor:
offset 0.019 -0.003
T23.8 21.1 19.5
T31.4 -12.2 -10.9
liquid water:
offset -0.009 0.048
T23 .8 -0.170 -0.023
T31.4 0.621 1.260
phase path delay:
offset 8.6
T23.8 123.4
T31.4 -69.4

5.2.4 Inference of water vapor from GPS solutions

The resultant difference in inferred water vapor was roughly 6%. The re-
sultant change in elevation difference was about 1 mm . Again, because of the

similarity of atmospheres at both ends of this short baseline, the difference in
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vertical accuracy statistics was minimal for these two cases. These insensitiv-
ities, in contrast to the improvement of GPS vertical accuracy using pointed
WVR corrections, highlight the importance of the effect of anisotropy of water
vapor to the accuracy of GPS solutions.

Because 1t 1s a component of atmospheric refractivity, atmospheric water
vapor was once a source of noise to GPS position measurements. GPS geodesy
now has evolved to a point where such GPS measurements can estimate differ-
ences in atmospheric water vapor values between sites as well as position; what
was once measurement noise can now be viewed as signal. Although this mea-
surement is an integrated value of water vapor and not a profile, it is of great
value in weather modeling [see, for instance, Bevis, 1992; Kuo, et al., 1993]. It
is also of value in global climate research [Yuan, et al., 1992].

With known orbits and a priori knowledge of position, the GPS position
solution can be allowed to estimate the tropospheric delay in a least squares
sense. This delay is due to the dry and the wet components of the troposphere.
As shown in §2.2.1, the dry dclay can be removed with a sensitive barometric
measurcment (several tenths of a millibar). The difference is then the delay
due to atmospheric water vapor. Estimations in this experiment matched the
difference in the WVR measurements to within about 1 mm rms. Presently,
the available GPS software models the wet delay as a spherically symmetric
distribution; gradients and anisotropies are therefore ignored.

The GPS solutions were found to be quite capable of measuring the dif-
ference of water vapor burdens between GPS sites, but are not accurate at
determining absolute offset. Very short baselines can determine the offset only
to within about 5 ¢m (which can be > the total vapor value). Longer baselines
(500 km), wherein the GPS antennas see the satellites at different positions in

the sky, improve the ability to determine this offset to better than 2 mm of error.
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FIGURE 5.4 Comparison of zenith water vapor burdens as estimated by GPS so-
lutions and as measured by WVRs. The open circles are 30 minute tropospheric
least squares estimations in the GPS solution, and the small dots are pointed WVR
observations that have been mapped to the zenith. The scatter in the WVR data
is due to the anisotropy of atmospheric water vapor. On Day 261 the sky became
quite anisotropic, and the GPS inferred water vapor deviates from the WVR. On
Day 302.6 rainfall on the WVR window gave erroneous results which were not used.

(From Rocken et al., 1990.)
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Chapter 6 Epilogue - An Improved Follow-On Experiment

Although the Platteville-to-Boulder baseline experiment demonstrated im-
proved results over all other GPS techniques, several unaddressed sources of
error were realized during the experiment. By having identified these sources,
we are able to devise remedies whereby we hope to further improve the vertical

repeatability and accuracy of vertical geodesy. These are listed below.

Better barometric measurements: The pointed WVR data demon-
strated an offset of ébout 9 mm from the Kalman and other data (Figure 5.3).
The origin of this offset is unknown, but I suspect that one or the other of the
barometric pressure transducers had a calibration offset. This vertical offset
could be accounted for by a 1 mb error in the barometers. We will use our own

Paro Scientific pressure transducers and automatically log pressure and surface

data with the WVR /geodesy data set.

Temperature control: We also found a very slight diurnal variation in
vertical difference. One of the SST receivers was inside the UNAVCO facility,
while the other was in an unheated trailer at Platteville. To confirm and measure
the temperature dependence, a receiver was placed in a container that could be
heat cycled while a second receiver was held at a constant temperature. Both
receivers were attached to a single GPS antenna. The resultant error is estimated
to contribute 1.5 mm or less to vertical precision and position bias.

We will use new Trimble SSE receivers in the proposed experiment, and
will stabilize their temperature environment. The SSEs are also more successful
at fixing biases (carrier cycles or wavelengths) than the SSTs. We find that
about 90% of the biases that could not be fixed by the SST receivers in a given
observation scenario can be resolved by the SSEs.

Gipsy software: We used Bernese version 3.3 in this experiment. We

intend to use JPL’s Gypsy software as well as Bernese version 3.4 in the proposed
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experiment. Gypsy allows “single satellite” solutions that will yield phase path
length to any selected satellite.

24 hour solutions: In order to better remove multipath signal, and to
defeat diurnal effects discussed in §5.2.2, the proposed system is to be robust so
that longer data sets will be created. This will be accomplished with uninter-
ruptable power supplies and local logging of data in the event of communication
link loss. A more permanent WVR mount is also to be constructed; field tripods

are not sufficient.

Tmr: Although the water vapor retricvals are somewhat insensitive to choice
of T, on short baselines because the atmosphere is highly correlated, such is not
true on longer baselines. We therefore intend to develop a mechanism to predict
Ty from surface temperature (about 4K rms error) and/or numeric weather

models (about 2.5K rms errors).

Multipath: We will locate antennas to minimize multipath noise. Multi-

path noise is one of the significant remaining errors in GPS geodesy.

Preprocessing of RINEX files: We will develop software to correct
RINEX (receiver independent exchange) format files for the pointed tropospheric
delays, such that the product files will have the troposphere and its anisotropies

removed.

Fieldworthy system: We intend to develop a GPS-WVR system that
is fieldworthy, based on one controlling and data logging computer, including
automatic logging of surface meteorology. Computer clock time is to be obtained
from the GPS receiver to eliminate computer clock errors. The system will have
a modem port for remote retrieval of data and conveyance of instructions if

desired.
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