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Ground-based measurement of gradients in the “wet” radio
refractivity of air
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We have used a ground-based microwave radiometer, known as a water vapor radiometer, to
investigate the local spatial and temporal variation of the wet propagation delay for a site on
the west coast of Sweden. The data were obtained from a wide range of azimuths and from
elevation angles greater than 23.6° (air mass 2.5). Visual inspection of the data suggested
a simple “cosine azimuth” variation, implying that a first-order gradient model was required.
This model was adequate for short time spans up to approximately 15 min, but significant
temporal variations in the gradient suggested to us that we include gradient rate terms. The
resulting six-parameter model has proven adequate (rms delay residual ~1 mm) for up to
30 min of data. Assuming a simple exponential profile for the wet refractivity gradient, the
estimated gradient parameters imply average surface wet-refractivity horizontal gradients of
order of 0.1-1 N km~!. These gradients are larger, by 1-2 orders of magnitude, than gradients
determined by others by averaging over long (~100-km) distances. This result implies that
for applications that are sensitive to local gradients, such as wet propagation-delay models
for radio-interferometric geodetic studies, the use of meteorological data from widely spread
stations may be inadequate. The gradient model presented here is inadequate for times longer
than about 30 min, even if no gradients are present, because of the complicated stochastic
like temporal behavior of the wet atmosphere. When gradients are present, they can change
magnitude by ~50% over 10-15 min. Nevertheless, our ability to fit the radiometer data implies
that on timescales <30 min and for elevation angles >23.6°, the local structure of the wet
atmosphere can be described with a simple model. (The model is not limited to this range of
elevation angles in principle.) The estimated gradient and gradient rate vectors have preferred
directions, which indicates a prevailing structure in the three-dimensional temperature and
humidity fields, possibly related to systematic behavior in large-scale weather systems and/or

the local air-land-sea interaction at this site.

INTRODUCTION

The neutral atmosphere refracts incoming radio signals, in-
creasing the travel time for those signals. This delay is a
source of error for measurement techniques that rely on the
timing of the arrival of signals of extraterrestrial origin at
widely separated points on the Earth. The most accurate of
these techniques for the determination of relative position and
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other geophysical information is currently very long baseline
interferometry (VLBI). The primary observable of geodetic
VLBI is the wideband group delay, which for current systems
has a measurement uncertainty of ~30 ps or less.

In order to account for the atmospheric propagation effects
of the group delay, some combination of modeling and estima-
tion is usually used. One of the least tractable problems is the
effect of water vapor on radio propagation. Because humidity
at altitude is not generally well correlated with surface hu-
midity [Reber and Swope, 1972], models for the “wet delay”
based on measured surface quantities are inaccurate [Elgered,
1982]. The problem is complicated by the extreme and rapid
time variability of the water-vapor distribution, and hence the
wet delay, at any site. Recently, stochastic filtering techniques
have been successfully applied to the analysis of VLBI group
delay data [Herring et al., 1990].

Another method undergoing development for estimation of
the wet delay is based on ground-based microwave radiometry
[Resch, 1984; Elgered et al., 1991]. A radiometer used specif-
ically for the purpose of estimating the wet delay is known as
a “water vapor radiometer,” or WVR. Were this method to
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prove accurate enough, its use could improve the accuracy
with which site positions (especially, the vertical coordinate)
are determined. Another potential advantage of such a method
is that it could sense spatial, that is, horizontal, variations in the
propagation delay. For example, Dixon and Korareich Wolf
[1990] noted that radiometrically determined values for the wet
delay exhibited a systematic but time-variable difference when
the WVR was consecutively pointed in diametrically opposite
azimuths. The maximum size of the difference (referenced to
an elevation of 30°) was ~20 mm.

This paper describes our investigation of horizontal varia-
tions in the radio refractivity of air using WVR data. In the
following sections we first describe the WVR data used for the
analysis. We then develop a simple model for the horizontal
variations suggested by visual examination of the WVR data
and use the WVR data to estimate parameters of the model.
Finally, we discuss the implications of our results for the in-
strumental calibration of the WVR and for estimating horizon-
tal variations in the hydrostatic (mainly dry) component of the
atmospheric propagation delay.

WATER VAPOR RADIOMETERS

In this section, we briefly discuss the determination of the
wet propagation delay from radiometric data and present ex-
amples of wet delay estimates. The subsection on WVR algo-
rithms can be skipped by those familiar with this topic.

WVRs used

A water vapor radiometer is a multichannel microwave ra-
diometer. When the WVR has only two channels, the fre-
quency band of one is centered near (but slightly off center
from) the 22-GHz rotational line of water vapor, whereas the
frequency band of the other channel is located well off the
line (typically near 31 GHz). The operating characteristics of
the two WVRs used in this study are given in Elgered et al.
[1991]. The first WVR, ASTRID, is a dual-frequency (21.0
and 31.4 GHz) WVR located permanently at the Onsala Space
Observatory on the R4S peninsula on the west coast of Swe-
den (Figure 1). JO3, the other WVR, has three channels, but
for this study we will make use of only channels 1 and 3 (20.7
and 31.4 GHz). JO3 was brought to the Onsala site in June
and July 1988 for a side-by-side comparison with ASTRID,
The JO3 data used here were obtained during this period.

WVR algorithms

Each channel of each WVR is used to measure (indepen-
dently) the emission from the sky in the frequency band as-
sociated with that channel. Each WVR is designed to output
a digital signal proportional to the observed sky brightness
temperature T, which is related to the optical depth 7o (in
the direction the WVR is pointed) by the equation of radiative
transfer {Chandrasekhar, 1960]:

(v ]
Ty =Tpge ™ + / ds T(s)a(s)e~T® ()
(V]
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Fig. 1. Map of the Onsala Space Observatory area [after
Johansson, 1992]. The black circle to the northeast is the
radome containing the 20-m radio telescope. The circle to
the southwest is the 25.6-m radio telescope (no radome). The
rectangle represents the position of the ASTRID WVR. (The
figures representing the telescopes and the WVR are not drawn
to scale.) The elevation contours (dotted lines) are shown for
10-m intervals. The shaded area represents ocean.

where Ty, is the “background temperature” (i.e., due to emis-
sion from outside the Earth’s atmosphere). In the frequency
band relevant to WVRs, T is due primarily to the cosmic
background radiation. T'(s) is the physical temperature of the
atmosphere along the integration path s, and a(s) is the (com-
posite) attenuation coefficient (emissivity) of water vapor, lig-
uid water, and oxygen. The parameter 7(s) is the opacity from
the ground to the point s:

T(8) = / ‘ ds’ a(s)) )
0

For s — oo, the opacity is written as 7oo.

Examining (1) and (2), one can make several observations
regarding the use of the WVR observables 7}, for studying
variations in the wet refractive index. The brightness tem-
perature is not a linear function of the integrated atmospheric
water vapor quantity but saturates for Teo 4 1; T}, is sensitive
to emission by oxygen and liquid water as well as to water
vapor; and T}, depends on the combined emissivity of these
constituents, not their refractive index.

The problem of linearity is solved by using not T}, directly
but by solving (1) for 7. From (2), we can see that this
quantity is linear in the integrated emissivity. Alternatively,
some investigators use the “linearized brightness temperature”
[Wu, 1979}.

For water droplets small with respect to the WVR wave-
lengths (< 10 mm), the emissivity of liquid water has a
frequency-squared dependence [Staelin, 1966; Licbe et al.,
1991]. Therefore, in order to eliminate the influence of liquid
water, the “on-line” and “off-line” opacities are combined to
create a liquid-free observable [e.g., Wu, 1979]. The remain-
ing contribution of oxygen is small and can be modeled using
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values for pressure and temperature at the surface [Wu, 1979].

In order to use radiometry for studies of the refractive index,
one seeks a relationship between the contribution of water
vapor to the absorption and the refractive index. There is, in
fact, no unique relationship, but in one method one expresses
the water vapor absorption a, as a linear function of the wet
refractivity Ny:

ay(8) = 107W(s) "1 Ny(s) 3)

where W(s) is a “weighting function” (described further be-
low). The wet refractivity is the contribution due to water
vapor to the total refractivity N, defined in terms of the re-
fractive index n by

N(s) = 10%[n(s) — 1] “é

The weighting function approach described by (3) is suc-
cessful primarily because both ay, and N, vary (approximate-
ly) linearly with the density of water vapor. (See, e.g., Staelin
[1966] for expressions for a, and Boudouris [1963] for those
for Ny. Also, see Liebe [1989] for a discussion of higher-order
terms.) Thus the weighting function W(s) has a weak depen-
dence on the density of water vapor and therefore does not
vary much from day to day or spatially. Integrating both sides
of (3) along the path through the atmosphere in the direction
the WVR is pointing yields

T =10"9 / * ds W(s)"1N,(s)
[1] | o
=10"W" / ds Ny(s)
0
=W'aL 6))

where the bar indicates average, in this case weighted by the
wet refractivity, and AL is the “wet delay” [e.g., Davis, 1986].

In practice, (5) is not used directly. As mentioned above,
a liquid-free observable is first formed. The resulting expres-
sion looks like (5), except the left-hand side has a liquid-free
linear combination of the total opacities obtained at differ-
ent frequencies, and W becomes a dual-frequency weighting
function [Wu, 1979]. The refractivity, and hence the wet de-
lay, have no significant dependence on frequency in the range
0-50 GHz [Liebe, 1985, 1987].

In order to determine values for W, radiosonde data are
used. One needs expressions for the absorption and refractiv-
ity as a function of pressure, temperature, humidity, and (in
the case of absorption) frequency. Such expressions can be
found in, for example, Liebe [1985, 1987]. Linear regression
is applied to radiosonde data for a given site to determine the
values for W as well as its dependence upon surface tempera-
ture and pressure. The best retrieval algorithms devised yield
root-mean-square (rms) errors of 1-2 mm for the zenith di-
rection using four years of radiosonde observations obtained
twice per day [Johansson et al., 1987].

A source of error not revealed by the regression rms arises
from deficiencies in the expressions for the refractivity and
absorption coefficients. The uncertainty due to errors in the
refractivity formula is less than 1% [Davis et al., 1985]. On the
basis of comparison of different expressions available, Elgered
et al. [1991] estimated that the uncertainty in estimated wet
delay due to errors in the expressions for the absorptions is
about 5% of the wet delay. In this study we are interested in
variations of the wet delay, so the effect should be scaled; that
is, the uncertainty in the variations will be about 5% of the
total variation.

WVR data: An example

Figure 2 shows data obtained from the ASTRID WVR on
July 11, 1988. The estimates of the wet delay are traditionally
given in units of distance, that is, the time delay multiplied by
the speed of light in vacuum. The data appear to be separated
into groups, a phenomenon related to the manner in which the
data were obtained. The WVR was performing azimuth scans,
with an observation obtained at azimuths of 100°, 110°, ...,
350°, at a given elevation angle (around 30°). No observations
could be obtained between azimuths of 0° and 100° at this
elevation angle because a nearby large radome occludes the
sky (Figure 1). Four “tip curves” were also performed at
azimuths of 100°, 180°, 270°, and 350°, but the data from
these are not shown in the figures for clarity. The estimates of
wet delay in this and other plots will be given in “equivalent
zenith delay,” that is, divided by the mapping function (see
below). This will allow us to compare variations for data
obtained at different elevation angles.

Also shown are data obtained from the JO3 WVR during
the same time span. The two instruments were not synchro-
nized, so they did not observe in the same direction at the
same epoch. The JO3 data were obtained at approximately the
same elevation angle, but at different times, and using azimuth
steps of 30°. No bias has been removed from either series of
estimates. Figure 2 is meant to be illustrative; a more thor-
ough analysis indicates that agreement of this type is typical
[Kuehn et al., 1993]. We have computed an overall correlation
of 0.6 between estimated gradient parameters. K#ll [1991] has
compared in more detail several thousand observations from
the two WVRs for July 21-22, 1988, and has computed cor-
relation coefficients of 0.7-0.8 for the gradient parameters es-
timated nearly simultaneously from the two instruments. This
correlation argues against the azimuthal variations being due
to instrumental tilt, especially since the gradient parameters
vary with time. (An instrumental tilt of 1° would cause a
maximum error in the equivalent zenith wet delay of 13 mm
at an elevation angle of 20° and would be constant in time.)

From Figure 2, it is apparent that during the time interval of
the plot there was an overall rapid decrease in the wet delay of
~80 mm in 4 hours. There is also a large amount of variation
within each scan. In Figure 3a, we show two of the scans
expanded so that the periodic nature of the variation can be
seen. In Figure 3b, we plot the data from these same two
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Fig. 2. WVR determinations of the equivalent wet zenith delay for the ASTRID WVR (plus signs)
and for the JO3 WVR (squares). The WVRs were executing a series of commands requiring them to
perform repeatedly a scan in azimuth for a constant elevation angle. Between azimuth scans a tip curve
in elevation was performed. The tip curve data are not shown in this figure in order to clarify the effects
of a horizontal refractivity gradient on the azimuth scan data. Error bars are not shown on this figure,
but they are approximately =1 mm (based on residuals to tip curve analyses).

21:30

scans, except we show the delay as a function of the azimuth
of the observation.

GRADIENT MODEL

The horizontal variation of water vapor is potentially com-
plicated. For example, clouds could give rise to clumps in
the water vapor distribution. Nevertheless, the cosinelike be-
havior of the wet delay estimates in Figure 3b suggests that a
simple gradient model might be adequate.

Let us obtain an expression for the wet refractivity by per-
forming a first-order Taylor expansion of the refractivity at
altitude z with respect to the horizontal position vector & mea-
sured from the site:

N, z:t) = No(zt) + E(z;1) - £ (©6)
where E is the horizontal gradient of refractivity at Z = 0:
ON(Z, z;t
&i(z:t) = oNE,%0) N

9z; 20

In (7), the subscript ¢ refers to the ith component of #: z; for
east and z for north. The subscript circle on the first term on
the right-hand side of (6) indicates £ = 0. We have dropped
the previously used subscript v (for vapor) for clarity.

The wet delay in any direction is given by the integration
of (6) along the path s in that direction. Parametrized by
elevation e and azimuth ¢ (and dropping the explicit time
dependence), this integration yields

AL, ¢)=10"6 / > ds N(s)
0
=10" / ds No(z)+ 1076 / * ds HOXA
0 0

= ALy(e)+ 1076 / * ds O ®)
0

where AL, is the wet delay for zero gradient. In (8), we
have ignored the difference in the integration paths for the
gradient and no-gradient cases. (The error associated with
this assumption is explored in the discussion section.)
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Fig. 3. Two of the azimuth scans (ASTRID data) from Fig-
ure 2. (a) Equivalent wet zenith delay versus time. (b) The
same data plotted against azimuth angle. The triangles repre-
sent the earlier data, and the squares represent the later data.

It is convenient here to introduce the concept of a map-
ping function [e.g., Davis et al., 1985]. The mapping function
expresses the elevation angle dependence of the propagation
delay. In the absence of horizontal refractivity variations (i.e.,
when the wet delay has no dependence upon azimuth), the
mapping function mo(e) is defined by

ALg(e) = AL*mo(e) )

where AL? is the “zenith delay,” that is, the wet delay in
the zenith direction. Again, the nought subscript on m in (9)
indicates the zero-gradient function. The zenith delay needs no
subscript because, by definition, £ = 0 for the zenith direction,
and from (8) one sees immediately that AL? = ALZ.

As an extension to (9) one can define an azimuth-dependent
mapping function which takes gradients into account (contin-
uing to ignore the difference in ray paths for the gradient and
no-gradient case):

AL(e, §) = AL*m(e, ¢) (10)

Using (9) and (10), one can write (8) in terms of mapping
functions as

1007

m(e, §) = mo(e) + 107° /oo ds {(z)- & (11)
o]

where ((z) = E'(z)/ALZ. Thus a gradient causes the mapping
function to differ from the zero-gradient mapping function by
an additive term. Denoting this term ém (i.e., m = mo + ém),
one can get an estimate for this function from (11) using the
following relations:

e, ) ~ zcote (cos i +sin ¢é)
{(2) = G+ G2

ds =~ dz m(e) (12)
where n refers to north and e to east (and # and € to unit
vectors in those directions). The quantity ¢’ is the “refracted”
elevation angle and will be discussed below; however, the
difference between € and ¢’ is significant only for low elevation
angles. Using the relationships in (12), one obtains

om(e, @) =~ 10_6mo(e) cote

X [cos ¢/°° dz z Cn(z)+sin¢/°° dz z (e(z)]
0 0

= mo(e)cote’ [Zn cos ¢ + Ze sin @] (13)

where 0
Z=10"% / dz z {(2) (14)
0

In this paper, the upper case symbols (Z and Z, introduced
later) symbolize integrated gradients; the gradients themselves
are symbolized by lower case symbols (¢ and £). The upper
and lower case zeta (Z and () are used to distinguish the
quantities which are “normalized” (by the zenith wet delay)
from the unnormalized quantities, represented by upper and
lower case xi (Z and £). These relationships and the definitions
of other quantities are given in Table 1.

From (13) one can see that §m has the azimuth dependence
one would expect from a first-order model, that is, one that
arises directly from the E - £ term in (6). Its elevation an-
gle dependence is the product of two terms. The dependence
on mo occurs because the distance along the integration path
is greater for lower elevation angles, as usual. The cotan-
gent term arises because, for lower elevation angles, the signal
passes through atmosphere present at a greater horizontal dis-
tance from the site, thereby encountering a greater refractivity
difference (since our original model had refractivity varying
linearly with horizontal distance).

By convention, the mapping function is defined in such a
way as to depend on the true, that is, unrefracted, elevation
angle € of the source [Davis et al., 1985]. The cotangent term,
however, depends on the refracted elevation angle €/, since
that angle defines the path of the ray through the troposphere,
where walter vapor is present, and where water vapor gradients
must therefore occur. (We will assume that the bending in
azimuth due to horizontal gradients is negligible, so ¢ = ¢'.)
The true and refracted elevation angles are related by
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TABLE 1. Formulas and Definitions Used

Quantity Definition
Basic Terms
Horizontal position vector® z
Atmospheric altitude z
Refractivity N(Z,2)
Elevation angle €
Azimuth ¢
Wind velocity? ¥(z)
Slant path differential® ds
Wet Delay Definitions
Wet delay AL(e, $) = 1078 [ ds N(Z, 2)
Wet delay, no gradients ALo(e) = 1078 [°ds N(Z, 2)lz—0
Zenith delay AL* =108 [{°dz N(Z,2)|30
Gradients

Refractivity gradient?
Delay gradient

&i(z) = 24E2 20

Zi=1075 [ dz z £(2)

Normalized Gradients (for Mapping Functions)

Normalized refractivity gradient
Normalized delay gradient

Gi(2) = &i(2)/AL*
Zi=5/AL

Mapping Functions

Wet mapping function
Wet mapping function (no gradients)

m(e, d) = AL(e, §)/ AL?
me(€) = ALo(e)/AL?

Miscellaneous

Zenith delay rate

VL =107 [§° dz £(2) - #(2)

%The coordinate convention is z; is east, z, north.
bAssumed to be parallel to surface of earth.

©The integration path is in the direction of interest. When that direction is vertical (the zenith direction), ds is written as

dz.
9Horizontal gradient; i = 1,2 (east, north).

e = e+ be(e) (15)

An approximate expression for fe, accurate to about 10%
above ¢ = 5° [Bean and Dutton, 1966], is

Se ~ 10~SNcote (16)

where N, is the total surface refractivity and ée is given in
radians. For a typical sea level value for Ny of ~300, 6¢ ~
0.2° for € = 5°, We compared values calculated for e using
(16) with values determined from a ray-tracing program and
found that the error in (16) is less than 0.03° for € = 5°, and
less than 0.1° for € = 3°. Since fe is small, we can expand
the cote’ term in (13) to yield

ém(e, ¢) =~ mo(e)cote [1 — 107N, csc? e]
X [Zn cOS8 ¢ + Zg sin ¢] an

The data used for this study were all obtained from elevation
angles of 23.6° or greater (i.e., from an air mass of 2.5 or less).
At this lowest elevation angle, the difference between € and
€ is less than 3, a value too small to affect our results, We
include this correction only for the sake of generality and for
use in “extrapolating” these results to greater air masses.

Gardner [1977] also developed a gradient correction. His
expression and (17) are difficult to compare because this work
uses gradients in the refractivity, while Gardner’s work explic-
itly uses gradients in pressure and temperature. Water vapor
gradients are not considered by Gardner because his correc-
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tion was intended for laser (i.e., optical) tracking. However,
one can compare the forms of the corrections. Both have the
same azimuth dependence. Gardner explicitly approximates
the no-gradient mapping function using cosecant, whereas we
retain the general function mo(e). The expressions (16) and
(17) should therefore be more accurate than Gardner’s for low
elevations, and in fact Gardner’s correction has the wrong
sign for low elevations [Davis, 1986]. Both expressions have
two terms, with the first being positive and the second be-
ing negative. The elevation angle dependence of the second
term is different because Gardner approximates more accu-
rately the bending correction for higher atmospheric altitudes,
where water vapor is present in minute amounts relative to
surface values. Nevertheless, since here we are interested in
propagation effects of water vapor located in the troposphere,
(16) is adequate for our purposes.

ESTIMATING GRADIENT PARAMETERS

As we mentioned above, the most convenient quantities
to examine are determinations of the equivalent zenith delay,
which, in the absence of horizontal heterogeneities, are equal
for different elevation angles. Let AL(e, ¢) be the wet delay
determined from WVR data when it was pointing in the di-
rection defined by the elevation angle ¢ and azimuth ¢. Then
the equivalent zenith delay AL? is given by

AL*(e, ¢) = AL(e, $)/mole) (18)
Using the results (8)«17), (18) can be written as

AlL%(e,¢) = AL? +cote [1 —~ 105N, csc? e]
X [Zy, co8 ¢ + E¢ sin ¢] (19)

where £, the “delay gradient,” is defined in Table 1. The inte-
grals have been replaced by parameters as in (14) to indicate
that one cannot solve for the gradient profile, but only its inte-
grated value. This situation arises because the WVR measures
only integrated quantities: see (1).

Given WVR determinations of the equivalent zenith delay,
one could use (19) as a model and estimate the three param-
eters AL?, Z,, and Z,,. Examination of Figure 2 reveals im-
mediately an inadequacy of this model. The original statement
of the model (6) contained an explicit time dependence. That
time dependence is implicit in (19), although, from examin-
ing Figure 2, it should be an explicit feature of the model. A
simple way of adding time dependence in the model is to as-
sume that each altitude has associated with it a constant wind
velocity ¥(z). By replacing & in (6) with & — ¥At, the frozen
turbulence hypothesis [e.g., Stull, 1988] is satisfied. With this
assumption, the wind velocity and gradient are coupled to the
change in (zenith) delay in an intuitive fashion. For example,
if the refractivity field were blown over the site by winds from
the direction of the positive gradient, the zenith delay would
increase.

The form of (19) modified for the velocity term as above is

AL% (e, ¢, At) = AL?
+cote [1 - 10‘6NéJ csc? e] [E1 COs ¢ + E sin @]

o0
- 107%At¢ /0 dz €(z) - 9(z) (20)

where At is the time from the reference epoch, that is, the
epoch to which AL? and = are referred. Examination of (20)
reveals that not only can one not solve for the wind profile,
but one cannot separate the north and east components. In
order to understand this last result, consider the following two
situations for which (20) predicts no zenith delay changes in
time: (1) vp =ve =0, and (2) £ - 7= 0. In the first case, the
lack of wind causes no change in the zenith delay, regardless of
the gradient. In the second case, the wind is blowing along the
direction of zero gradient, so the wind gradient coupling causes
no change in the zenith delay. Ishimaru [1972] discussed a
method for determining wind speed from the ratio of amplitude
spectra of received signals at two frequencies. Thus it may be
possible to resolve the ambiguity by examining spectra of our
brightness-temperature measurements.

The inclusion of time dependence therefore adds only one
new estimable parameter, which we will call V7, (see Table 1):

Al%(e, ¢) = AL?
+cote [1 — 10~8N, esc? e] [En, cos ¢ + Ze sin @]

+ Vi At 21)
The parameter Vz, can be interpreted to be the time derivative
of the zenith delay.

Figure 4a shows the same WVR data as Figure 3a (AS-
TRID only), along with the predicted values based on a least
squares solution to the four-parameter model in (21). The
estimated parameters are given in Table 2. Figure 4b shows the
equivalent zenith delay residuals. A separate fit was performed
for each of the two scans, so that (21) was extended over about
5 min of data. The rms residual was 1.2 mm for the earlier
scan and 1.3 mm for later scan. (There are 26 observations
in each scan.) The rms residual for a nongradient model, that
is, a model with only a zenith delay and a zenith delay rate,
was 1.7 mm for the earlier scan and 3.5 mm for the later
scan. An F test for the significance of the gradient terms
[Bevington, 1969] indicates that the additional gradient terms
significantly improve x2 at better than the 99% level (based
on x? reduction).

For the data in Figure 5, we performed the same analysis
as for Figure 4, except that the data from both scans were
analyzed together, with only one set of parameters being es-
timated. For this analysis, the fit is significantly worse, with
an rms residual for the two groups of 2.0 mm. The nongradi-
ent model yields an even poorer fit, 6.0 mm. The significantly
larger rms residual and x2 for the residuals in Figure 5b imply
that the model in (21) is inadequate for time periods longer
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Fig. 4. (a) The azimuth scans from Figure 3, along with
the four-parameter gradient model (see equation (21)). The
values for the parameters were determined independently for
each scan by a least squares adjustment. (b) Residuals to this
fit. Note the scale change. The weighted root-mean-square
(wrms) residual is 1.2 mm for the earlier scan (x,z, =1.7), and
1.3 mm for the later scan (x,z, = 2.1). The combined wrms
residual is 1.2 mm (x2 = 1.9).

than about 10 min because, as Figure 2 demonstrates, gradi-
ents can change significantly over that time. This inadequacy
suggests a simple modification to (21):

AL*(e,p,At)= AL* + VL AL
+Cote [1 — 107N, csc? e]

X [’:‘.,.cos¢+’:‘esin¢

+ZpAtcos ¢+ EAt sin ¢] 22)
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The added parameters are the components of E, the gradient
rate.

Figures 6 and 7 show examples of WVR data and the re-
sulting fits to (22) for different data sets. Figure 6 shows the
same data presented previously. The combined fit using (22)
gives the same weighted root mean square (wrms) residual as
when then four-parameter model was fit separately for each
scan. The estimated parameters for this fit are also shown in
Table 2 (“solution 4”). From this table it can be seen that,
whereas the estimate of the gradient from the combined fit us-
ing the four-parameter model (“solution c”) is approximately
the average of the gradient from the two groups, when the six-
parameter model is used, the gradient begins at the value for
the first group and then increases at a rate of approximately

Figure 7 shows a case for which the WVR was performing
neither simple azimuth scans nor simple elevation scans. In
this case, the pattern within the data is difficult to interpret.
From the residuals to a fit of (22) to these data, however, one
can see that the hidden elevation, azimuth, and time depen-
dencies are well modeled by (22). The wrms residual for these
data is also 0.7 mm.

The model in (22) does not represent a full second-order
Taylor expansion, and it does not satisfy the frozen turbulence
hypothesis. A full second-order Taylor expansion would be-
gin by adding a term £ - T - £ to (6), where I' is the sec-
ond derivative tensor. In order to add the time dependence
so as to satisfy the frozen turbulence hypothesis, this term
would become (Z — 7At) - T - (£ — At). When expanded,
this second-order term would add not only the terms shown
in (22), but terms proportional to (At)2, cos? ¢, sin ¢, and
cos ¢sin¢. Using a limited data set we have found that, for
30-min time spans, the estimates of the coefficients of these
terms were highly correlated with each other and consequently
possessed large uncertainties, without significantly improving
the fit. One method for decreasing the uncertainties of the
estimates would be to include more data by using longer time
spans. We have found though that just as (6) broke down when
we went to longer time spans, so the second-order Taylor ex-
pansion breaks down before most of these second-order terms

TABLE 2. Estimated Parameters for Scans of Figure 3

Solution wrms AL%, Vi, 1], ¢z, =R b
Residual, - =
mm mm mm/min mm deg mm/min deg
a 12 135+ 11 —-08 0.5 3.5+0.5 121 +£4
b 13 125+ 11 15 £05 83105 120+2
c 20 135+ 2 —-0.52+0.02 5.0+0.1 116 £2
d 12 135+ 3 -0.45+0.02 34102 1224+ 4 0.23+£0.02 9+6

The solutions use the data from Figure 4a as follows: a: earlier group, four-parameter model (21); b: later group,
four-parameter model; c: both groups together, four-parameter model; d: both groups together, six-parameter model (22).
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Fig. 5. (a) Same as Figure 4a, except a combined fit was
performed. (b) Residuals to this fit. Note the scale change.
The wrms residual is 2.0 mm (x2 = 4.9).

become significant. We interpret this result to mean that Taylor
expansions are inadequate for representing the temporal vari-
ability of water vapor over the time necessary to determine
adequately the higher-order terms, a result of the stochastic
nature of water vapor variations [Tatarskii, 1961]. For time
spans of up to 30 min, however, (22) has been adequate. That
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Fig. 6. (a) Same as Figure 5a, except the six-parameter model
(22) was used. The solid line shows this model using the
estimated parameters. (b) Residuals to this fit. Note the scale
change. The wrms residual is 1.2 mm (x.2, =1.8).
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Fig. 7. (a) Equivalent zenith wet delay observations for a 30-
min period on April 5, 1989. As with Figure 6, the solid line
shows the calculated values using the fit to the six-parameter
model. (b) Residuals. The wrms residual is 0.7 mm (x,2, =0.9).

(22) is not consistent with frozen flow is a consequence of our
not being able to determine accurately coefficients of higher-
order expansions. Thus we can neither confirm nor refute the
frozen flow hypothesis with these WVR data.

STATISTICAL CHARACTERIZATION OF PARAMETERS

In order to obtain a better understanding of the gradients
in the vicinity of the Onsala site, we undertook a large-scale
analysis of ASTRID WVR data. For this study we chose to
use all Onsala WVR data from 1988, the first year in which
the WVR was often performing the azimuth scans described
above. Unfortunately, no data were available for February
through May, when the WVR was undergoing maintenance
and some upgrading. Furthermore, no data were used when
the WVR brightness temperatures indicated a columnar zenith
liquid water content of 0.3 mm or greater, that is, during pre-
cipitation or heavy cloud cover.

The WVR data consist of sky brightness temperatures at
both frequency bands. These sky brightness temperatures were
calculated from the WVR’s digital output using instrumental
gains estimated from frequent tip curves; the determination of
these gains was therefore potentially corrupted by the presence
of gradients which were not taken into account in the analysis
of the tip curves. The tip-curve data, however, were obtained
in the four cardinal azimuths, so that the effects of constant
gradients would average in the determinations of the instru-
mental gain. Furthermore, the values of the gains were aver-
aged over several hours. Simple formulations of the effects
of gradients have been preliminarily incorporated directly into
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the models used for tip-curve analysis, but these algorithms
were not used in the analysis of the data used here. In the
future, we expect gradient models to be incorporated routinely
into tip-curve analyses.

The gradient analysis code operated by grouping together
all the WVR data within a user-defined time period (30 min
for this study). The gains having been determined as described
above, the two brightness temperatures for each WVR mea-
surement were then combined using a site-specific algorithm
[e.g., Johansson et al., 1987] to provide an estimate of the wet
delay. The so-called “oxygen correction™ [e.g., Davis, 1986]
was not applied (although it was applied in the gain analysis).
This term represents a correction of only 2-3 mm at zenith, is
slowly varying, and will thus be absorbed by the zenith delay
parameter in (22).

The equivalent zenith delay values obtained from the WVR
data were then used to estimate the six parameters of (22).
The program then searched for the first WVR observation be-
ginning after the group of data used for this solution, and the
process continued. In this manner, we obtained “independent”
estimates of the six parameters approximately every 30 min.
Some 30-min spans did not contain enough data to obtain a
solution (due to cuts for high liquid content, for example).

A histogram of the resulting wrms residuals is shown in
Figure 8. This distribution is somewhat broader than might
be expected based on the average wrms residual, but the peak
occurs at a somewhat smaller value (0.8-0.9 mm).

The monthly averages for the estimated parameters are in-
dicated by the squares in Figures 9a-9f. The wrms variations
about the average for each month are also plotted as trian-
gles. (We will show the series of estimates for a few of the
months below.) The gradient and gradient rate parameters are
presented as magnitude and direction instead of as orthogonal
components.

0.20 T T T T

015 |

Frequency
(=
S

005

0% 2 3
WRMS residual (mm)

Fig. 8. Solid line denotes histogram of the 5812 wrms resid-
uals for the fits to the six-parameter model. The bin width
is 0.1 mm. Dashed line denotes theoretical prediction, based
on the average (in a root-sum-square sense) wrms residual of
1.09 mm and assuming that 60 data were used for each fit.

As expected, the average wet zenith delays (Figure 9a) for
the summer months are greater than for the fall and winter
months. The monthly average wet delay rates (Figure 9b) are
nearly zero. This also might be expected, since no long-term
changes in water vapor are generally observed. (The sum-
mer/winter zenith delay changes, from Figure 9a, are about
80 mm, or ~0.0003 mm min—"! average, compared to the wrms
scatter for the zenith wet delay rates of 0.10-0.15 mm min—1.)

The gradient averages (Figure 9¢), like the zenith delay av-
erages, are larger in summer than winter. Unlike the average
wet delay rate estimates, the average gradients are not negligi-
ble compared to their monthly variation. The wrms variability
of the gradient azimuth (Figure 94d) is generally 70°-80°, al-
though in January it was 52°. (The “average” directions were
calculated by averaging sines and cosines of the azimuths in
order to account for the 360° ambiguity of the gradient azimuth
determination.) If the estimates of the gradient azimuths were
uniformly distributed between 0° and 360°, the expected wrms
variations about the average azimuth would be 103.9°. For
several hundred independent estimates, the rms statistic, under
the hypothesis of a uniform distribution and equally weighted
estimates, is robust, with the 99% confidence limit being less
than £1°. (This limit is only approximate for our case, in
which the estimates are not uniformly weighted and the aver-
ages were formed using a coherent sum described above.) We
conclude that a uniform distribution between 0° and 360° does
not describe our gradient azimuth estimates, and a preferred
monthly direction, or range of directions, is indicated.

This conclusion is born out by Figure 10a. This plot is a
polar histogram of gradient directions. The bin width is 30°,
and only direction estimates with standard deviations of 10°
or less are counted. The nonuniformity of the distribution of
gradient directions is clearly apparent from this plot.

The statistical analysis of the gradient rate azimuths (Fig-
ure 9f) leads us to a different conclusion than that for the gradi-
ent azimuths. The monthly wrms values range from 96°-105°,
roughly consistent with the scatter expected for a uniform dis-
tribution. Figure 10b is a polar histogram of the gradient rate
estimates. Fewer gradient rate estimates meet our restriction
of o < 10°, The distribution of gradient rate azimuths is not
peaked in a single direction as were the gradient azimuths, but
two smaller peaks, in the bins for 30°-60° and 210°-240°, are
visible. These bins are separated by 180°, indicating gradient
rate vectors of opposite sign but in the same direction, leading
to an elliptical form for the polar histogram.

Examples of individual parameter estimates for September
and December are shown in Figures 11 and 12. The gradient
rate azimuths seem fairly uniform, whereas a predominant di-
rection is clearly visible for the gradient azimuths. This direc-
tion is 100°-150° (ESE-SE), in agreement with the histogram
of Figure 10a.

DISCUSSION

‘What do the estimated gradient parameters tell us about gra-
dients in the atmosphere? Thus far, we have avoided specific
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models for the profiles of water vapor and temperature. Be-
cause the WVR is sensitive to the integrated refractivity, one
is unable to determine uniquely these profiles from our data.
Let us, for investigative purposes, examine a water vapor re-
fractivity field given by

Ny(Z, z) = No(2) [1 +a- j‘] (23)
where No(2) is the refractive index at # = 0, and & is a
constant vector. From (23), & and the refractivity gradient £

are related by
£(2) = No(2)& (24)

In other words, we are assuming that the gradient scales lin-

early with refractivity. From Table 1, the delay gradient = is
given by

[

= 10_6/°°dz z f(z)
0

o ]
=10"%a /0 dz z No(2) 25)

In order to compute the integral in (25), we will assume a form
for the refractivity which represents an “average” profile:
No(z)= Nye~?/H (26)

where H is the water vapor scale height, usually found to be
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Fig. 10. Polar histograms of azimuth angles for estimated (a) gradient and (b) gradient-rate parameters.
For both plots, the bin width is 30°, and only estimates with standard deviations of less than 10° are
considered. The outer rings represent 400 binned samples.

1-2 km. Using the profile in (26), one can easily compute the
integral in (25). The quantity of interest to us is the refractivity
gradient, which, from (24)~(26), is

=
&) = 1o°-§z-e-z/” @n

From the statistical analysis of the previous section, the aver-
age estimated value for |=| at the Onsala site was approx-
imately 1 mm, with the largest value being approximately
8 mm. For a scale height of 1-2 km, the value of the average
refractivity gradient at z = 0 is therefore 0.25-1.00 N km~!.
The summer time values are about 20% larger than this aver-
age, the fall/winter values 20% smaller. The 95% value (i.e.,
the value which is exceeded only 5% of the time) for summer
is 1.0-3.9 N km~1, for winter 0.6-2.3 N km~'. These values
are probably underestimates of the refractivity gradient near
the surface, because the model (23) on which they are based
assumes that the gradient direction is constant with altitude. If
this assumption is false, a larger surface refractivity is required
to integrate to the same amplitude.

Blanchetiere-Ciarletti et al. [1989] determined refractivity
gradients using an airborne sensor package, flying at an alti-
tude of 100-300 m above the ground. They measured local
gradients at this altitude of up to 4 N km~! over a 5 km
path. They also detected 10 N km~! “waves” of ~500 m
wavelength associated with wind variations.

Gradients in temperature determined by Gardner [1977] im-
ply wet radio-refractivity gradients, for constant water vapor
pressure, of ~0.01 N km~!. These temperature gradients

were determined by measurements obtained from a network
of radiosondes with closest spacing ~100 km. Similarly,
Elgered et al. [1990] used surface meteorological data ob-
tained ~100 km apart and determined temperature gradients
as high as 0.1 K km~! (corresponding to wet N gradients of
0.06 N km™! for constant surface pressure). However, Elgered
et al. [1990] used 11,000 points to determine a distribution,
and by far the bulk of the points indicated gradients of less
than 0.03 N km—!. Thus local wet refractivity gradients, to
which this work and the work of Blanchetiere-Ciarletti et al.
are sensitive, can be several orders of magnitude larger than
gradients inferred from temperature differences over 100-km
distance scales. Our concentration on temperature gradients,
rather than gradients in humidity, arises from our observation
that there can be significant gradients in the wet delay during
periods of little change in the wet delay.

Treuhaft and Lanyi [1987] calculated statistics for zenith
delay variations. These calculations were based on the wet
refractivity varying according to Kolmogorov turbulence the-
ory [Tatarskii, 1961]. Treuhaft and Lanyi calculated the rms
variation of zenith delay rate as a function of time over which
the rate is to be averaged, to which our estimates of zenith
delay variations may be compared. From their Figure 5, for
an 1800-s interval the rms zenith delay rate is approximately
10~14 5 s~!. The units arise because Treuhaft and Lanyi refer
to the delay in units of time. From our Figure 9, the wrms
zenith delay rate parameter is approximately 0.12 mm min—1,
or 0.7 x 10~ s s~1. The uncertainty in the Treuhaft and
Lanyi value is at least 30% due to the uncertainty in the nor-
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Fig. 11. Individual estimates of the six parameters of (22) for September 1988. Gaps in the data sequence
are due mainly to precipitation or to the WVR performing an observation schedule inappropriate for
estimating gradient parameters. See caption to Figure 9 for a description of the parameters and units.

malizing constant, and the monthly variability of the wrms
zenith delay rate parameter is also about 30%, from Figure 9.

In (8) and thereafter, we neglected the difference in ray
paths for the gradient and no-gradient cases. In other words,
we assumed that the surfaces of constant refractivity were per-
pendicular to the zenith direction. In fact, at any point in space
the normal to the refractivity surface and the zenith direction
form an angle ¢y given by

|ONT/8zp|

[oN/32] (28)

tan(ben) =

where Nt is the total refractivity, and zj, is the horizontal co-
ordinate in the direction of the horizontal refractivity gradient.
If one assumes that any horizontal gradient in the refractivity

is due to the wet component and that the variation of the to-
tal refractivity can be described by an exponential decay with
scale height Hr (usually taken to be ~7.5 km), then (28) is

€Ht

tan(dey) = Ny (29)

Using N =300 N and £ = 0.1-1 N km™! (from above), we
find a value for e of 0.1°-1.4°,

The effect on refraction of these tilted layers can be calcu-
lated from (16). A ray traveling in the direction of the gradient
is refracted an extra amount §(6¢), given by

5(6¢) = 10~SNpcscte bey (30)
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The overall positive sign for &(6¢) in (30) results from the
layers being tilted “backwards” for a ray traveling in this di-
rection. Using the values for N7 and the maximum value for
bepy from above, this gives a value for §(6¢) of

5(6¢)=1.5"csc® e 31)

For example, a “zenith” ray is refracted by at most 2",
whereas a ray at elevation angle 20° is refracted by at most
an extra 13”, for a path length error of 1 mm out of a total
propagation delay of ~6.7 m.

CONCLUSION

‘We used data from a ground-based water vapor radiometer

(WVR) to estimate horizontal gradient parameters in a simple
model for the spatial and temporal variation of the wet refrac-
tivity. Because the WVR data are expressions of the integrated
water vapor along a line of site, these estimates cannot be used
to determine the refractivity gradients at any specific altitude.
However, using a simple exponential vertical profile for the
wet refractivity gradient, the average calculated horizontal wa-
ter vapor N gradients are of the order of 0.1-1 N km~!. This
value is much larger than that determined by others by aver-
aging over large (~100-km) distances. This result implies that
for applications requiring local gradients (such as propagation
delay models for geodetic studies with radio-interferometry),
the use of meteorological data from widely separated stations
is inadequate, although we have not undertaken a study to de-
termine if large-scale and small-scale gradients are correlated.
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The simple model we developed for the temporal and spatial
variations of the wet refractivity is adequate for times up to
30 min and elevation angles above 23.6°. (The model is not
limited to this range of elevation angles in principle, but none
of our data were acquired below this elevation angle.) Tests
show that the model is inadequate for longer times, even if no
gradients are present, because of the complicated stochastic
like temporal behavior of the wet atmosphere. Nevertheless,
our ability to fit the radiometer data implies that on these
shorter timescales the local structure of the wet atmosphere
can be described by a simple model, at the level of the rms
residual of the WVR zenith delay estimates (~1 mm).

For the WVR data presented here, the estimates of the gra-
dient and gradient rate vectors exhibit preferred azimuths. We
have not attempted to speculate as to the cause of these pref-
erences, leaving this instead to a more detailed study of local
refractive index variations. Since the Onsala WVR is located
within 200 m of the sea coast, it might be expected that the
presence of the ocean and attendant sea breezes play a role
in forming prevailing gradients of temperature and humid-
ity. However, since this site is on a peninsula, the sea-land-
atmosphere interactions could be complex, and so we have
postponed interpretation of the azimuths until more data are
available.

Davis [1992] showed that atmospheric turbulence can affect
estimates of gradient parameters from WVR data. That the
WVR does not obtain an instantaneous “snapshot” of the sky
means that the frozen field passing over the site can appear as
prevailing gradients. However, the calculated gradients due to
this effect were less than 1 mm.
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