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1. | NTRODUCTI ON

Due to at nospheri c wat er vapor
refractivity, m cronwave signal s
transmitting from the global positioning
system (GPS) satellites are further
del ayed after they propagate through the
atnmosphere and are received by GPS
receivers on the ground. These del ays are
integrations of the refractivity along GPS
sl ant pat hs between satellites and
receivers. Si nce refractivity is a
function of water vapor (Bevis et al,
1994), a slant water vapor delay is
defined as a function of integrated water
vapor along a path. Braun et al., (2001,
2003) devel oped a schenme converting slant
wat er vapor delays into integrated slant
water vapor (SW along these GPS paths
under certain assunptions. They found that
there are 0.15-0.23 mm errors due to
vari ous error sour ces in SW with
magni tudes of 5mm for exanples, double-
difference for elimnating clock errors,
mul ti-path caused by ground reflection for
low elevation angles, and antenna phase
errors. The | onest el evation angl e
discussed in their wvalidation is 10
degree. Such accurate slant water vapor
data should result an accurate water vapor
distribution through a tomography anal ysis
conbining with sone other data sources
based upon an OSSE by MacDonald et al.
(2002). Through simlar OSSEs, MacDonal d
and Xie (2003) also showed that a GPS
receiver network with 100 km density coul d
provide reasonable water vapor analysis
for nesoscale water vapor prediction.
However, there has not been any real data
GPS tonography experienment confirmng the
OSSE results if accurate SWis provided.

The International H20 Project (I1HOP) 2002
is a field experiment over the Southern
Geat Plains (SG) of the United States
focusing on distribution of water vapor
and its application to inproving the

under st andi ng and prediction of
convection. The region was an optinal
location due to existing experinental and
operational facilities, strong variability
in nmoisture, and active convection. The
IHOP region is shown in Fig. 1.
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Fig. 1. IHOP region is shown in the bigger
rectangle frame. Qur GPS analysis domain
is marked by a thicker rectangluar frame
over the right central |HOP donain.

There are nunbers of GPS receivers
operating over NOAA/ FSL stations, Suom Net
stations, and special stations depl oyed by
CNRS CNRM GAME France. In the right center
of the IHOP region with left corner at
latitude and |ongitude (34.5, -100.0) and
right corner at (38.5, -95.0) as marked by
a thicker frame, there are 25 receivers
covering this 500 km by 500 km area. The
| ocations of these 25 GPS receivers are
plotted in Fig. 2. This GPS network has a
roughly 100 km density close to the
density requirenent discussed by MacDonal d
and Xie (2003) and provides a reasonable



real tine GPS tonography experinent
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Fig. 2. The 25 GPS locations in our GPS
anal ysi s domai n.

A GPS tonography analysis under this
envi r onment could provi de us some
confidence on the quality of the GPS sl ant
wat er vapor data as well as the GPS slant
t onogr aphy theory. We choose a storm case
during June 12-13, 2002 and conpare our
analyses with the actual GOES satellite
images and sounding data. The analysis
basical ly reflects t he wat er vapor
distribution during the storm and thus is
a real GPS data case to confirm the OSSE
results and the accuracy of SW for this
storm case. Mre real GPS cases wll be
anal yzed in the future.

The GPS tonography technique used in the
analysis will be described in the next
section; a discussion is presented in
Section 3 on solution multiplicity of a
ground-based GPS tonography analysis and
sone sinple constraints for restricting
the multiplicity. Real-tine GPS water
vapor t onogr aphy anal yses will be
dermonstrated in Section 4. Final conmments
will be presented in Section 5.

2. GPS TOMOGRAPHY

GPS tonography is a direct analysis of
observed GPS slant water vapor for
deriving a three-dinmensional water vapor
distribution, independent of observations
of ot her at mospheri c el ement s and
nunerical nodels as needed for other
vari ational analysis. MicDonald et al.,
(2002) presented their GPS tonography in
detail using grid controls conbined with a
multigrid technique in retrieving water
vapor distribution over resolvable scales
from GPS slants. Here a different nethod
is tested as an alternative of multigrid
to solve the tonography problem A
recursive filter (Hayden and Purser, 1995)

is applied to the control grid in order to
replace the nultigrid technique. Its
smoot hing parameter is used to directly
control its analysis scales. A filter is
applied to x, y and z directions one after
anot her to achi eve t hr ee- di mensi onal
filter effect. Assunming this three-

dimensional filter to be [, define a
variabl e w such that

g=Fw,

where q is the water vapor grid function
to be solved. Using the grid function $qg$
to calculate the R emann sum (MacDonal d et
al., 2002) along a given GPS path between
a satellite and a receiver, a GPS
tomography cost function can be formed by
summing the squares of the differences
bet ween observed GPS sl ants of water vapor
and the corresponding Riemann suns which
approximate the integrals of the water
vapor. By <choosing a proper recursive
filter snooth paraneter, irresol vabl e
smal | -scale water vapor distribution is
elimnated from the analysis so that the
multigrid technique can be skipped. W
choose the recursive filter scal e
par aret er a =0.7for t he hori zont al
filters and O-5 for the vertical filter
with 21 grid-points in each direction. The
reason of having a snaller scal e paraneter
in the vertical direction is that water
vapor has significant vertical variation,
as its magnitude decays exponentially as
hei ght increases. The cost function can be
viewed as a function of w through dand
whenever {is needed, applying Fto wto
yield this grid function.

A disadvantage of the filter approach is
that sone sinple known bounds of water
vapor cannot be directly applied, for
exanpl e, g3 O in addition to the
enpirical selection of a scale paraneter.
For GPS water vapor tonography, this
sinple bound not only makes the analysis
physi cal |y neani ngful, but helps to reduce
solution multiplicity shown in the next
section. For the first pass of the
recursive filter,

q =@1-a)w
g, =aqg,_, +(1- a)w,
it is sufficient for 3 O if w3 O.

This bound of w3 Q is applied in the
m ni m zation probl em

To solve the tonography problem with a

bound of W3 O  a |inited BFGS for sinple
bound mi ninization algorithm (Byrd et al.,
1995) is used. The gradient of the cost
function is computed by an adjoint code
generated by the TAMC software (G ering
and Kam nski, 1998). The adjoint code is
carefully tested using finite difference
approxi mati on of the gradient.

3. SI MPLE CONSTRAI NTS



No matter how many ground based GPS slants
wat er vapor integrals are available, they
cannot uni quel y det ermi ne a three-
di mensi onal water vapor field. A sinple
exanple to illustrate this problemis the
following. Considering a constant water
vapor field in an x and z plane (assum ng
a water vapor field is not a function of y
in a  three-di nmensional wat er vapor
t onography), and a linear decreasing water
vapor field in height in the same plane as
shown in the foll owi ng di agrans.

/o /

/ 25
const ] / ]

ooy § = (007 o x

il

Along the lines, L and L', integrations of
these water vapor fields will be the sane
as long as the slant goes through the top
not the sides, i.e., they cannot show the
difference of the two fields at all. GPS
slant water vapor is called inconplete
observations of water vapor. To determn ne
water vapor distribution over certain
scal es, other information sources

have to be i ntroduced, physi cal
constraints or direct wat er vapor
observations. A nore conplex exanple is to

add a field q in the x and z plane

shown in Fig. 3 to any given water vapor
field in the same x and z pl ane.
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Fig. 3. A qfield. Any GPS slant

passing through the top of our domain
cannot tell this difference between two
wat er vapor distributions.

Line integrals of q (o] and q al ong

any GPS path which passes through the top
of the domain will be the sanme. Actually,
we can construct nore conplex exanples. In
general, the snaller scales the analysis

is to retrieve, the nore freedom to
deternmine a solution. In other words, the
| arge-scal e wat er vapor di stribution
requires less other data sources or
constraints.

MacDonald et al. (2002) conbined surface
data and microwave profiler data into a
GPS tonography problem as additional
vertical wat er vapor information to
elimnate the tonobgraphy nmulti-solutions
problem for the scales of interest.
I nt roduci ng surface and profiler
observations, MacDonald et al. (2002)
added the squares of the differences
bet ween interpolated water vapor fromits
grid values and the actual observations
into the cost function as penalty termns.
Since the mmjority of water vapor stays
near the ground, or say below 5 km in
hei ght, accurate surface data and profiler
data help elimnate the other solutions
fitting the GPS slants. This nethod seens
to be working well if there are certain
nunbers of surface or profiler data
avai | abl e. Here we consider anot her
approach, restricting the solutions by
some sinple constraints.

A nmjor characteristic of this GPS
tonmography's nultiplicity is that certain
increments  at | ower levels can be
cancel l ed by sone opposite increnents at
upper |evels. However, in real atnosphere,
the water vapor exponentially decays with
hei ght. Around 10 km height |evels, water
vapor is about 0.1 g/nf conparing to 10
g/ ntf near the ground. A rational increnent
at upper levels of the domain cannot be
| arge enough to cancel increnents at | ower

levels. If a water vapor analysis is
constrained to small values near 10 km or
above, |large-scale vertical water vapor

distribution could be determ ned uni quely.
Another source of nultiplicity could be
mended if the water vapor is restricted to
be non-negative. In this study we
denonstrate the water vapor anal ysis using
these sinple constraints wthout other
accurate water vapor observations, even
though they may or nay not be available in
the IHOP region. To conpare the anal yses
to satellite inmages, these constraints are
found quite satisfactory.

4. GPS ANALYSI S

The tonography approach along with sone
sinple constraints is applied to the
dataset collected as a part of the
I nternational H20 Project (IHOP) 2002. At
the right center of the |HOP region
bounded by the left bottom corner at
latitude and |ongitude (34.5, -100.0) and
the upper right corner at (38.5, -95.0),
there are 25 stations with GPS receivers.
The network of stations is a conbination
of NOAA/FSL stations, Suom Net stations,
and special stations deployed by CNRS
CNRM GAME, France. The GPS data were
processed wusing the Bernese 4.2 GPS



Software. Final satellite orbits from the
International GPS Service (1GS) were used
in t he anal ysi s and t he station
coordinates were constrained to their |TRF
2000 coordinates by incorporating GPS
station data from IGS stations within the
continental United States. The GPS data
were processed using a double difference
processing strategy to conpute PW Sl ant
water values were conputed in a simlar
manner as described by Braun et al., 2003.

During the IHOP 2002 (13 May-25 June
2002), there were storns over the right
center of IHOP region on June 12 and 13,
2002. COver this time period, there were
satellite water vapor inmages avail able at

http://ww.joss. ucar. edu/ihop/ dni archive/.
These inmages can be used to qualitatively
verify the water vapor distribution
patterns of GPS slant tonography anal ysis.
In this study, we choose an exponentially
decaying function of height which has
value of 10 gram ni at the ground and 0.1
gramin? at 10 km height. W penalize the
difference between this function and the
grid analysis at the top 4 levels of the
grid. The vertical domain ranges fromthe
ground up to 10 km The analysis grid has
21 grid points in each direction. W solve
the tonography problem under a sinple
bound, w3 O.

For a given analysis tinme, we collect all
GPS data fromthese stations during a half
hour interval which ranges from before 15
mnutes to after 15 minutes of this given
time. Treating all of these data as GPS
observations at the given tineg, we
increased the total nunber of GPS slant
wat er vapor observations if the water
vapor di stribution does not change
dramatically during this time period. This
hel ps to determine | arge-scal e water vapor
distributions with the sinple constraints.

For the given domain, we choose GPS slants
whose ray paths are through the top of the
donain and renove the others. Wth all of
the GPS slants passing through the top
dormain, the mninum elevation angle used
is about 7 degree, a little lower than the
value, 10 degree, validated by Braun et
al ., 2003.

W presented here two analyses at 00:00
UTC, June 13, 2002 and 22: 00 UTC,

June 13, 2002. Since the integrated slant
wat er vapor (integrated water vapor
density along the ray path between a GPS
satellite and a receiver, Bevis et al.
1992) is analyzed in this tonography, the
unit of the anal yzed water vapor is kg/nf.
To qualitatively verify the GPS tonography
anal ysi s, we conpared them to the
satellite water vapor images over the same
area and found that they are highly
correlated. Figures 4 and 5 show the
contour plots of horizontal water vapor
anal yses at one km height conparing to

satellite images of water vapor taken at
the sane tine.

Fig. 4. GPS tonography analysis at 00:00Z
on June 13, 2002 (above) and a satellite
i mage taken at the sane tine.

Particularly on the stronger stormat 0:00
UTC, June 13, the analysis represents the
storm very well, even showing the gap
bet ween two nmjor high water vapor density
bl ocks. Figure 6 shows the water vapor as
height at the IHOP central facility. The
red one is collected from a soundi ng, and
the black one is the GPS slant tonography
anal ysis. W believe that wthout certain
accuracy of the GPS slant data and the
t onogr aphy al gorithm we cannot obtain the
anal yses with such correlations to the
satellite inmages.



Fig. 5. GPS tonography analysis at 22:00Z
on June 13, 2002 (above) and a satellite
image taken at the sane tine.

5. CONCLUSI ONS

Using processed slant water vapor (SW
fromthe right center of the |HOP donuin,
a GPS tonography techni que provides water
vapor anal yses under sinple water vapor
constraints. Conparing to GOES satellite
water vapor inmages and sounding data,
these analyses resenble the basic storm
feature during the tine period of June 12
to 13, 2003. These analyses further
confirm the conclusions nade by MacDonal d
et al., (2002) under OSSE. These inply
that the GPS tonpbgraphy nethods can
extract useful information from GPS slants
inreal time GPS observations. These real -
time experiments also confirmthe quality
of data processing from GPS slant water
vapor delays into slant water vapor on
these cases. For these cases, the data

processing nust have good accuracy;
otherwi se, we cannot obtain a reasonable
storm pattern. W also ran these cases
with shorter tine intervals, i.e., wth
less slants, and found the analyses
deteriorate as the anount of slant data
decreases. To a certain degree, this shows
t hat the slants, i ndeed, help the
anal yses.

Fig. 6. Vertical profiles of sounding and
GPS tonography analysis at the central
facility of IHOP region at 00:00Z on June
13, 2002.

As GPS slants are renoved, if they pass
through the horizontal side boundaries of
the domain of interest, there will be mnuch
less slants with | ow el evation angl es near
the boundaries in the tonography analysis.
Thus, the analysis |oses its accuracy near
the horizontal boundaries, particularly at
lower levels. This GPS network domain in
this study is small, just 500 km by 500
km and the boundary effect could danmage
the accuracy of the analysis in the
center. For a large domain wth the
simlar GPS receiver density, we can
expect better results as nore slants pass
through the top of the domain and |ess
boundary effect.
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