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1. INTRODUCTION

Small-scale/regional weather forecasts rely on surface
water vapor profiles which is directly related to convec-
tive precipitation initiation [e.g., Hanssen et al., 1999;
Mohan et al., 2001]. For instance, a necessary con-
dition for an accurate prediction of convective rainfall
is a good forecast of where and when convection will
develop. Both prediction and understanding of convec-
tion is limited at this time due to the lack of high spa-
tial and temporal resolution of water vapor measure-
ments [Weckwerth and Parsons, 2003]. Radiosondes
that launch twice a day simply do not supply the mea-
surements at the desired level of temporal and spatial
resolution. Besides, GPS measurements do not provide
sufficient vertical resolution for the small-scale studies
and the measurements near the surface are not reli-
able [Braun, 2001]. Near surface measurements were
deemed necessary but it is very expensive to implement
a dense network of data acquisition stations to achieve
this goal.

A more attractive approach is to use some kind of re-
mote sensing near the surface. Pioneering work that
uses ground targets to measure refractivity, which is
closely related to humidity, has been accomplished by
Fabry et al. [1997]. Initial experiments were conducted
in Montreal, Canada and demonstrated promising po-
tential [Fabry et al., 1997; Fabry and Creese, 1999]. In
addition, extensive experiments were conducted during
the International H2O Project 2000 (IHOP 2000) cam-
paign [Fabry and Pettet, 2002; Weckwerth and Parsons,
2003]. The key is that refractivity can be obtained by
measuring the phase of radar echoes.

The phase of radar backscattered echoes depends on
the electromagnetic characteristics of the targets, the
motions of the targets and the atmospheric conditions in
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which the radio waves propagate. For echoes that are
reflected from perfectly stationary targets, the phase of
the received signal is constant assuming the refractiv-
ity of the air mass between the radar and the target re-
mains unchanged. Temporal variations in humidity and
temperature can cause subtle, yet measurable, phase
changes in the backscattered signal.

In this brief article, preliminary results of refractivity
mapping using a phased array radar with a temporal
resolution of 6 s will be presented. The raw datasets
were collected using the S-band Phased Array Radar
(PAR), which is the centerpiece of the National Weather
Radar Testbed (NWRT) located in Norman, Oklahoma
and is operated by the National Severe Storms Labora-
tory (NSSL). Here, we will investigate the advantages of
the use of a phased array radar system. Possible ad-
vantages of the use of phased array technology may be
the mitigation of smearing of clutter targets due to an-
tenna motion, adaptive mapping of clutter targets, and
rapid update times, for example.

2. THE PHASED ARRAY RADAR

Navy AN/SPY-1A technology used in weaponry [Sensi,
1988] has been adopted for meteorological research at
NSSL. The system is also referred to as the PAR sys-
tem in the NWRT of the NSSL. The PAR system oper-
ates at the 3.2 GHz S-band and uses a standard WSR-
88D transmitter, an array of 4352 receivers and a flexi-
ble data acquisition system. It uses real-time beamform-
ing to probe the atmosphere for weather conditions and
collects raw in-phase and quadrature time-series from
the analog beamformer. At the present time, time-series
can be processed in real-time and simultaneously stored
for off-line processing. One of the attractive features of
the PAR system is the mitigation of image-smearing ef-
fects that are inherent in the standard WSR-88D due
to antenna motion. In the PAR system, however, this
smearing effect is eliminated since the beams of the
PAR are fixed without any antenna rotation. In addition,
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agile beam steering is yet to be exploited in this technol-
ogy for remote sensing of the atmosphere.

3. REFRACTIVITY MEASUREMENTS

3.1. Basics of Refractive Index and Radio Waves

Refractive index, n, of a medium is the ratio of the speed
of light in a vacuum to the speed of light in the medium.
For the air near the surface of the earth, this number is
typically around 1.003 and changes of this number are
on the order of 10−5 [Bean and Dutton, 1968]. For con-
venience, a derived quantity referred to as refractivity is
used in many scientific studies. The refractivity is de-
scribed as follows

N = 106(n − 1) (1)

and this function is related to meteorological parameters
as follows [Bean and Dutton, 1968]

N = 77.6
p

T
+ 3.73 × 105

e

T 2
(2)

where p represents the air pressure in millibar (mb), T

represents the absolute air temperature in Kelvin (K) and
e represents the vapor pressure in mb. The first term in
Equation (2) is proportional to pressure p that is related
to the air density; the second term is proportional to va-
por pressure e and is mainly contributed by the water
content in the air. The two terms can be referred to as
dry and wet terms, respectively. Near the surface of the
earth with relatively warm temperature, most of the spa-
tial variability in N results from the change in the sec-
ond term. For example, a change of 1 N -unit (10−6 in
n) can result from a change of 1 ◦C in temperature or
0.2 mb in vapor pressure under a nominal condition of
p = 1000 mb and air temperature at 27 ◦C.

Quantitatively, given an average pressure and tempera-
ture over the radar coverage, humidity is expected to be
estimated with reasonable accuracy. At a fixed air pres-
sure, say a typical surface pressure around 1000 mb,
refractivity N becomes a function of e and T and is de-
picted in Figure 1. As temperature increases, refractiv-
ity change becomes more sensitive to vapor pressure
(humidity) than to temperature and pressure. One can
readily see that vapor pressure e is the dominant factor
that changes the refractivity and thus refractivity map-
ping near the surface can be used as a proxy to estimate
the spatial distribution of water vapor near the surface
[Fabry et al., 1997].

In the free space vacuum, radio wave propagates at
the speed of light. In the atmosphere that contains all

the constituent gases and water vapor, its propagation
speed is slowed down depending on the refractivity re-
sulting from these various contents. In fact, its speed
is an inverse function of refractive index. The time for a
radio wave to propagate to a stationary target and come
back through a constant refractivity medium is [Fabry
et al., 1997]

ttravel = 2r
n

c
(3)

where r is the radial distance from the radar to
the target and c is the speed of light in vacuum
(299,792,458 m s−1). For most radar applications, ef-
fects of n can be safely neglected since it varies by at
most 0.03%. Changes at this scale do not affect most
applications because the change of phase of the radio
waves is dominated by the velocity of targets. For our
interest, however, ground targets are completely sta-
tionary and thus the only factor that contributes to the
change of phase is the refractivity function of the two-
way path. By including the variations of the refractive
index n along the two-way path defined in Equation (3),
the phase of the returned radio wave is

φ(r) = 2πfttravel =
4πf

c

∫ r

0

n(γ)dγ (4)

One point must be made clear before this fundamental
formulation is exploited, i.e., the phase measurement at
the radar receiver contains the integrated (not at the par-
ticular position) refractive index along the two-way path
in which the radio wave has traveled, assuming the tar-
get is completely stationary.

As mentioned before, the propagation speed of the ra-
dio wave is slowed down due to the refractivity along the
two-way path. The changes of the refractivity cause the
phase of the returned echoes to change as the travel
time changes (Refer Equation (3)). Figure 2 illustrates
an example of phase measurements of ground targets
from four distinct range gates. One can see that the
phase of the returned echoes from good ground tar-
gets changes slowly over time, which may be caused by
change of temperature T , pressure P or vapor pressure
e. For ground targets that are not completely stationary,
the phase measurements are noisy (e.g., Gate #55).

For an area with sufficient ground target coverage,
which is often the case within the radius of approxi-
mately 30 km from the radar, the refractivity can be
mapped within a spatial resolution on the order of a few
km [Fabry and Pettet, 2002]. One might be concerned
that refractivity changes along the two-way path might
bend the radio wave if extended range is considered. A
direct calculation by applying Snell’s Law tells us that an
integrated change of refractivity of 150 N -unit is needed
in order to bend the radio wave by 1◦. Since refractive
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Figure 1: Refractivity N as a function of temperature T and relative humidity (derived from T and e). At a surface
pressure of 1000 mb and temperature above 10◦C, refractive index changes predominantly based on the relative
humidity (vapor pressure). As temperature increases, N becomes more sensitive to the change of e and thus can
be used as a proxy to estimate the water vapor near the surface. This method may be very useful especially during
warm seasons.
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Figure 2: Example of phase measurement of ground clutter. For good clutter, the phase changes steadily as shown
in the figure, due to atmospheric changes. If there is no change in the atmospheric condition, the phase remains
constant.
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index is only expected to change on the order of 10 N -
units, path bending effects can be safely ignored for an
angular scan of every 1◦.

3.2. Phase Measurement

Refractivity mapping near the surface using radar
echoes from ground targets was first conducted by
Fabry et al. [1997]. The method relies on the phase
measurement of the returned radio waves to estimate
the refractivity map. Because the wavelength of the S-
band is very short (approximately 10 cm), the integrated
refractivity induces an extremely quick phase wrap for
this wavelength which is problematic. One way around
this is by looking at the change of phase at two time in-
stances. Doing so is equivalent to applying Equation (4)
twice at two different times, say at time t0 and t1, the
phase difference between the two observations can be
described as

∆φ(r) = φ(r, t1) − φ(r, t0)

=
4πf

c

∫ r

0

[n(γ, t1) − n(γ, t0)] dγ. (5)

Usually the measurement at time t0 is used as a ref-
erence phase map. A good reference map is a map
obtained during a time when spatial distribution of the
refractivity is homogeneous. As suggested by Fabry
[2004], a reference phase is best to be measured im-
mediately after several hours of stratiform precipitation,
preferably in a windy condition and cool temperatures.
The reasons being: (i) wind helps homogenize the hu-
midity field of the region; and (ii) cool temperature nar-
rows down the range of the refractivity.

Once a reference map is available, and from Equa-
tion (5), we have

d

dr
[φ(r, t) − φref(r)] =

4πf

c
[n(r, t) − nref(r)] , (6)

where φref(r) and nref is the phase and refractive in-
dex at the time of reference, respectively. Using Equa-
tion (6), one can determine n over a short path and avoid
the phase-wrap problem as mentioned previously.

In order to obtain the change of refractivity in N -units,
Equation (5) is reversed by applying the derivative oper-
ator on both sides.

∆N = 106 [n(r, t) − nref(r)]

= 106
c

4πf

d

dr
[φ(r, t) − φref(r)] (7)

4. EXPERIMENTAL RESULTS

A 1-hour dataset was collected using the PAR system
at an elevation angle of 0.51◦, with the antenna of the
PAR facing north, obtaining a 90◦ azimuthal scan from
-45◦ to +44◦ (1◦ spacing). The system was set to have a
pulse repetition time (PRT) of 1 ms, a dwell of 64 pulses
resulting in a temporal resolution of approximately 6 s.
Figure 3 shows an average signal-to-noise ratio (SNR)
map over the 1-hour period. Within the first 30 km of
the radar coverage, ground clutter can be seen in the
SNR map. The datasets were collected when no sig-
nificant atmospheric phenomena were present. With
proper power calibration, reflectivity in dBZ can be de-
rived and is shown in the upper right panel. Not all
ground targets should be used for refractivity mapping
and a measure of the quality must be determined. At
this point, a 2-min (lag-20) correlation coefficient of the
phase is used to determine the quality of ground clut-
ter. The lower-left panel shows the 2-min-lag correlation
coefficient of the phase of the returned echoes. It can
be seen that the curved returns in the SNR map, which
could be created by flying aircraft are no longer seen be-
cause they have poor phase correlation. Gridded struc-
tures within close range can be seen in the quality index
map indicating building structures along streets. Within
the 1-hour dataset, the first 10-min subset is used to
derive a reference phase map, in which the phase val-
ues are obtained by computing the average of the signal
phase over the 10-min period. Reference refractivity val-
ues are obtained using the atmospheric measurements
from the surrounding Mesonet surface stations.

After obtaining the clutter quality index map, phase mea-
surements are extracted based on the quality index for
refractivity mapping. Figure 4 demonstrates a phase
measurement that masks everything except good clut-
ter. The left panel shows the phase difference of the
snapshot from the reference phase, which is the value
of Equation (5). A slow phase wrap can be seen as
a consequence of the phase measurements containing
the integrated refractivity. In order to compute the radial
derivatives of the phase change, a smoothing/patching
operation is applied to obtain the continuous phase dif-
ference. The technique being used here closely mimics
the algorithm of up-sampling in which signals are first
zero-padded, then a low-pass filter (smoothing window)
is applied for smoothing and interpolation. For our case,
the regions with low quality index are set to zero (zero-
padded) and the rest are set to ei∆φ (original signals).
Then, the map is smoothed (filtering) using a 2-D con-
volution with a Gaussian window function, in which the
width of the window function is set to be 4 km. For each
range gate, a different smoothing window function is ap-
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Figure 3: Clutter quality index is obtained by computing the 2-min-lag correlation coefficients of the phase of the
returned echoes. For perfectly stationary targets, the phase is expected to be similar and thus have values closer to
1. On the other hand, non-stationary targets do not return similar phase and thus have values closer to 0.
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plied in order to maintain the 4-km width. For each az-
imuth, a same smoothing window function (4-km width)
is applied along the radial dimension through the entire
map. The middle panel shows the continuous version
of the left panel. Equation (7) is applied to the middle
panel to find the change of refractivity ∆N and the re-
sult is shown in the right panel. Absolute refractivity N

can be found by adding back the reference refractivity.
At the present time, however, only ∆N is found as this
algorithm is efficient in detecting the change of refractiv-
ity.

After processing the entire 1-hour dataset, slow varia-
tions in refractivity can be seen when the processed
datasets are animated. Figure 5 shows several snap-
shots of the change of refractivity (using the first 10-min
dataset as a reference). A general trend of negative
change in the refractivity can be seen in this dataset.
The change of refractivity (with much coarser spatial and
temporal resolution) can also be obtained from the Ok-
lahoma Mesonet stations surrounding the PAR system.
Figure 6 shows an example of standard measurements
that are obtained from the Mesonet. The Mesonet data
are available at a temporal resolution 5 min. By col-
lecting all the parameters for the refractivity function in
Equation (2), a map of refractivity can be obtained. For
the sake of comparison, we use refractivity maps ob-
tained from the Mesonet to derive another version of the
change of refractivity during that 1-hour period.

We compute the average of three refractivity maps at
15:10, 15:15 and 15:20 UTC to be the reference re-
fractivity map. This is the same time period in which
the reference map was computed for the PAR system.

Then, the change of refractivity can be obtained for ev-
ery 5 min in the Mesonet dataset. Figure 7 shows the
change of refractivity obtained using the dataset from
the Mesonet. Comparing Figures 5 and 7, a general
negative trend in refractivity can be seen in both results,
validating the algorithm for refractivity retrieval through
phase measurements. In the future, more meteorologi-
cally interesting datasets will be collected (e.g., dry line,
frontal passage), in order to facilitate the validation of
this refractivity retrieval algorithm.

5. CONCLUSIONS

Mapping of refractivity using phase measurements of
the ground clutter has been successfully implemented
using the PAR system of the NWRT. For refractivity map-
ping, ground clutter becomes useful as opposed to be-
ing treated as a contaminant in most weather obser-
vations. Phase measurements from the ground clut-
ter contain information of refractivity, and the work by
Fabry et al. [1997] has proven the usefulness of de-
riving refractivity maps using the phase measurements
of ground clutter. Similar algorithms were used for
the present work and preliminary results demonstrate
promising potential of the algorithm with the PAR sys-
tem. Future work includes a more thorough validation
of the algorithm and statistical analysis on the perfor-
mance of the system. Theoretical limits of the algorithm
have yet to be found and this may be a potential topic to
be pursued in the future.
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Figure 5: Temporal change of refractivity derived from phase measurement acquired by the PAR. Over the 1-hour pe-
riod, a generic trend of negative change in refractivity is observed which is somewhat consistent with measurements
obtained from the Oklahoma Mesonet.
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Figure 6: Example of Mesonet Data. Closely spaced weather stations provide meteorological measurements every
5 min. Some of these parameters can be used to derive refractivity maps in order to verify the results obtained from
the PAR system.



P1R.10 9

−8

−6

−4

−2

0

2

4

Zonal Distance (km)

M
er

id
io

na
l D

is
ta

nc
e 

(k
m

)

∆ N − 12−Jul−2005 15:30

Newcastle

Moore

Norman
KOUN/PAR

−20 −10 0 10

0

5

10

15

20

Zonal Distance (km)

M
er

id
io

na
l D

is
ta

nc
e 

(k
m

)

∆ N − 12−Jul−2005 15:45

Newcastle

Moore

Norman
KOUN/PAR

−20 −10 0 10

0

5

10

15

20

Zonal Distance (km)

M
er

id
io

na
l D

is
ta

nc
e 

(k
m

)

∆ N − 12−Jul−2005 16:00

Newcastle

Moore

Norman
KOUN/PAR

−20 −10 0 10

0

5

10

15

20

Zonal Distance (km)

M
er

id
io

na
l D

is
ta

nc
e 

(k
m

)

∆ N − 12−Jul−2005 16:10

Newcastle

Moore

Norman
KOUN/PAR

−20 −10 0 10

0

5

10

15

20

Figure 7: Temporal change of refractivity derived from weather measurements (p, T and relative humidity), which are
obtained from Mesonet data every 5 min. Even with significant fluctuation of refractivity (due to fluctuation in humidity
measurements) obtained through Mesonet dataset, a general trend of negative change in refractivity can be seen in
this 1-hour dataset.
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