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ABSTRA CT

The impact of GPS Zenith Total Delay (ZTD) mea-
surements on mesoscaleprecipitation forecasts is stud-
ied. GPS ZTD observations from a permanent network of
�v e geodetic GPS receivers are contin uously assimilated
into the Penn State/NCAR MesoscaleModel (MM5) us-
ing the adjoint technique. This 4-Dimensional (spaceand
time) Variational (4D-VAR) data assimilation experiment
focuses on a strong precipitation event that occurs on
September 14, 1999over the NE cost of the Ib erian Penin-
sula.

The GPS receiver network consistsof 5 Trimble 400SSI
GPS receiverswith baselinesranging in length from about
100to 350km and a maximum altitude di�erence between
the highest and lowest GPS sites of about 2400 m. The
geographical locations of the GPS sites almost sample
quite equally the model domain, which roughly extends
from 0� to 4� and from 40� to 43� . We have used the
GPS preciseorbits and clocks as well as consistent earth-
rotation parameters provided by the International GPS
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Service (IGS) to estimate the ZTD stochastic processat
the GPS sites.

Comparison between observed 3-h accumulated rain-
fall on one hand and model forecast with and without
assimilation on the other hand show a dramatic impact
of the assimilation of ZTD on model precipitation forecast
around the GPS receiver location. This is particularly ef-
fective at the end of the assimilation time window for the
coastal GPS site.

Theseearly results show that at least �v eGPS receivers
can have a signi�can t impact on regional precipitation
forecast, provided the observations are assimilated with
an algorithm that respects their temporal distribution.
This tends for the deployment of more and denser GPS
networks.

INTR ODUCTION

The distribution of water vapor is a highly variable
function of both time and space and correlates poorly
with surfacehumidit y measurements. Lack of preciseand
contin uous water vapor data is one of the major error
sourcesin short-term forecastsof precipitation ([Kuo 93],
[Kuo 96]). Although ground-based techniques such as ra-
diosondesor water vapor radiometers (WVRs) are sensi-
tiv e to the water vapor content present in the atmosphere,
they can be expensive to operate and they provide either
poor temporal resolution, poor spatial coverage,or both.
Radiosondesare launched typically only onceevery twelve
hours and they are sparseover wide areasin the globe. In
contrast to radiosondes and space-basedWVRs, ground
based WVRs exhibit a very high temporal accuracy and
are very promising, their cost, however, currently pro-
hibits their use in densenetworks.

Cost e�ectiv e techniques sensitive to the spatial and
temporal distribution of atmospheric water vapor are of-
fered by networks of ground-based GPS receivers. Orig-
inally intro duced for military purp oses,the applications
of GPS to environmental studies abound: geodesy, vol-
canology, oceanography, or glaciology to cite a few.

One of the most suitable atmospheric application of
GPS is perhaps the assimilation of water vapor content
estimates into Numerical Weather Prediction (NWP) and
climate models. The lack of humidit y measurements that
could potentially be assimilated into NWP forecast mod-
els is the main reason of its (sometimes) low reliabilit y
([Kuo 93], [Kuo 96]). The fact that GPS can supply these
data in near-real time [Rock 97] and at low cost is chang-
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Figure 1: Geographical location of the GPS sites
(triangles) used in the experiment. The geoid al-
titude of the sites is the following: BELL (803 m
a.s.l.), CREU (83 m a.s.l.), EBRE (58 m a.s.l.),
ESCO (2458 m a.s.l.) and LLIV (1418 m a.s.l.).

ing, at the algorithmic level, the way these models are
being used to assimilate the GPS estimates ([Zou 96];
[Kuo 96]).

The aim of this work is to analyze the impact of the 4D-
VAR assimilation of GPS data gathered at �v e ground-
based receivers (see Figure 1) operated by the Institut
Cartogr�a�c de Catalunya (ICC, Spain) in the NE coast of
the Ib erian Peninsula. This region hascomplex orography
and the surface conditions are very heterogeneous(from
heavily urbanized areasto forest and bare soil) [Cucu 01].

The study analyzes the 3-h period from 18 UTC to 21
UTC 14 September 1999. The area under study at that
time of the year is characterized by heavy precipitation in
very localized areas (less than 10km) and during a short
time (less than two hours). These events are caused by
strong mesoscaleconvective systems mostly due to the
mountainous topography of the cost. In order to account
for the complex orography e�ects the non-hydrostatic ver-
sion of the MM5 model ([An th 78], [Dudh 93], [Grel 94])
has been used at high-resolution (18km). 4D-VAR data
assimilation allow the model to ingest observations ex-
actly at the time they are recorded. This is very impor-
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Figure 2: Meteosat imagery at 12 UTC 14
September 1999.

tant to take full advantage of high frequency measure-
ments such as GPS ground receivers. These almost con-
tin uous measurements provide a better sampling of the
trop ospheric water vapor �eld, whosespecial and tempo-
ral variabilit y is known to be large.

CASE DESCRIPTION

The meteorological situation under study was the re-
sult of the interaction of two atmospheric phenomena. On
14 September 1999 around noon a thermal low was well
developed above the center of the Ib erian Peninsula. The
Meteosat imagery at 12 UTC 14 September 1999is shown
in Figure (2). The origin of the thermal low is a synoptic
situation characterized by a low pressure area over the
North of Africa, Mediterranean sea,and eastern coast of
the Ib erian Peninsula which is reinforced by the intense
heating of the land surface in the previous days. During
the afternoon this system moved eastward due to the pas-
sageof a sharp and deeptrough which crossedthe Ib erian
Peninsula with a NW-SE jet stream behind the trough
axis. This trough simultaneously intensi�ed the cyclo-
genesisover eastern Ib erian Peninsula and the Mediter-
ranean sea. At 18 UTC the low center wassituated above
the eastern coast (see Figure 3). As a result, moist and
warm air was advected from the Mediterranean into the
NE of the Ib erian Peninsula and the Gulf of Lion. The ra-

Figure 3: Surfaceanalysis (from The Met. O�ce,
UK) of atmospheric 
o w for 18 UTC 14 Septem-
ber 1999 (the large arrow shows the location of
the trough axis), geographical location of the GPS
sites (E for ESCO, L for LLIV, C for CREU, B
for BELL, Eb for EBRE), and the 18-km grid res-
olution domain simulated with the MM5 model.

diosondemeasurements showed at 00 UTC on September
15 a nearly saturated atmosphere from above 850 hPa up
to 200hPa. The synergismof the surfacephenomena,low
level advection of moist and warm air, and upper condi-
tions, through transporting cold air and intensifying the
cyclogenesisand convection over the area, was the origin
of the active mesoscaleconvective system over NE Ib erian
Peninsula.

The grid distance of the model domain is 18 km and
the dimensions are 27 x 32 x 15, i.e. 27 grid points in
the north-south direction, 32 in the east-wet direction,
and 15 vertical sigma layers. These layers are de�ned
at � = 1.0, 0.96, 0.93, 0.89, 0.85, 0.80, 0.75, 0.7, 0.65,
0.6, 0.5, 0.4, 0.3, 0.2, 0.1 and 0.0. The forecast run is
initialized at 18 UTC 14 September 1999. The initial and
lateral boundary conditions are provided by the ECMWF
and interpolated to the domain under study. The model
usesa high-resolution Blackadar parameterization of the
boundary layer, explicitly solves the clouds, and includes
no explicit moisture physics. This forecast, called the
control, is a 3-h simulation run.
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a)

b)

Figure 4: Precipitable water �elds for 14 Septem-
ber 1999at (a) 18 UTC and (b) 21 UTC from the
control run.

Figure 5: 3-hour accumulated precipitation from
the control run ending at 21 UTC 14 September
1999.

Figure (4) shows the precipitable water �eld prior to
data assimilation at 18 and 21 UTC September 1999.
Large amount of moisture is found over the domain, with
higher values along the coast and the Mediterranean sea.

The forecast of precipitation is depicted in Figure (5).
The �gure shows the 3-h accumulated precipitation end-
ing at 21 UTC 14 September. The passageof the frontal
system produced rainfall over the Pyreneesfrom 18 to 21
UTC covering ESCO, LLIV and CREU stations. This
control run doesnot predict rainfall at BELL and EBRE
GPS sites.

The precipitation recorded at the GPS sites during the
same period is found in Table (1). Large values of rain
are found for the 3-h period at all GPS stations except for
CREU, which did not measure any precipitation. This
situation is not reproduced correctly by MM5 when we
compare the observations from the table with Figure (5).
Forecastsprior to data assimilation overestimates the ac-
tual amount of rainfall at CREU station and underesti-
mates the observed accumulated precipitation at BELL
site from 18 to 21 UTC.
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Table 1: 3-hour accumulated precipitation (mm)
ending at 21 UTC 14 September 1999 measured
at the �v e GPS stations.

station 18-21 UTC 14 Septem ber
CREU 0.0 mm
EBRE 1.2 mm
BELL 8.7 mm
LLIV 8.6 mm
ESCO 7.0 mm

4D-V AR D ATA ASSIMILA TION OF THE
ZTD VARIABLE

In the 4D-VAR approach one attempts to minimize a
cost function J which measures the mis�t between the
observations and their modeled values. This functional
intro duces a priori state of the atmosphere,

Jb(x ) = (x � x b )T B � 1(x � x b ): (1)

where x b is the background model state, x are the model
variables, and B is the covariance matrix of the back-
ground errors. The background state is provided by the
ECMWF analysis and interpolated to the domain under
study. The inverseof the covariance matrix of this a pri-
ori information (B � 1) is assumeddiagonal. The inverse
of the square of the maximum di�erence of the model
variables between the beginning and the ending time of
the assimilation window are the elements of this matrix.

The model error associated to the ZTD variable ascom-
puted from a single observation test experiment is around
2.4 cm of ZTD (around 3 mm of precipitable water). This
value seemsreasonableas compared to the observational
error 0.5 cm of ZTD or 1 mm of PW, keeping in mind
that GPS is an accurate measurement.

The J function also intro duces an observation term,

Jo(x ) =
nX

0

(y t � ZTD t [x t ])
T R � 1

t (y t � ZTD t [x t ]) (2)

where y t are the observations of the ZTD variable mea-
sured at the �v e ground-based receivers at time t. The
R � 1

t matrix in (2) is the inverseof the covariance matrix
associated to the observations. For this caseunder study,

the errors of the observations are assumeduncorrelated.
The ZTD t value is the forward operator which estimates
the zenith total delay from the model variables (x t ) at
the location of the GPS sites at t . This operator can be
written as the sum of two terms: the Zenith Hydrostatic
Delay (ZHD) and the Zenith Wet Delay (ZWD) forward
operators:

ZTD t [x t ] = ZHD t [x t ] + ZWD t [x t ] (3)

The hydrostatic contribution can be estimated from
surface pressure measurements [Saas72]. Therefore, the
ZHD operator in (3) basically estimates the surface pres-
sure at the GPS sites from the model variables. We use
the bilinear interpolation in the horizontal direction to in-
terpolate the ground pressurevalues from the grid points
of the domain to the location of the GPS sites.

A more accurate treatment is needed for the interpo-
lation in the vertical. We use the methodology developed
by [Pond 01] to interpolate the model surface pressureto
the elevation of the GPS sites. These authors found that
this method yields average errors of the order of 1.0 to
1.5 hPa, which converts to around 3 mm of ZTD.

We note the need for a carefully designed operator in
the vertical direction if we want to avoid a bias between
the zenith total delay measured at the ground-based re-
ceiver and the modeled ZTD value causedby orographic
e�ects. This is becausethe surface pressurestrongly de-
pends on the height of the GPS sites and these are not
modeled correctly as is shown in Table (2). The table
shows the elevation of the ground-based receivers and
their modeled values by means of MM5. We �nd dif-
ferencesas large as 500 m which corresponds to around
13 cm of ZHD. The bias between the observations and
the meteorological model has to be removed prior to data
assimilation in order to get the optimal state of the at-
mosphere.

The zenith wet delay value at GPS sites is given by the
temperature and water vapor pressurevariables [Bevi 94]
and is associated with the distribution of the water vapor
in the atmosphere.

Figure (6) shows the time seriesof the di�erences be-
tween the model and the GPS zenith total delay prior
to data assimilation. The mean-values of the di�erences
between the observations and the MM5 simulation of the
ZTD are summarized in Table (3) for all GPS sites. In
most of the casesthe observed valuesare higher than the
modeled results at ESCO and LLIV stations and we �nd
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Table 2: Altitude of the GPS stations and eleva-
tion from the 10-min topography source. All the
heights are in meters above sealevel.

station mo del heigh t GPS elev ation
CREU 0 m 83 m
EBRE 204 m 58 m
BELL 624 m 803 m
ESCO 1971 m 2458 m
LLIV 1823 m 1418 m

the opposite situation for CREU and EBRE sites. The
atmospheric delay gathered at thesesites is overestimated
by the meteorological model. An error as large as around
3 cm of ZTD is found for BELL station at the initial time
of the period under study.

Table3: Averagebias betweenGPS-derived ZTD
and MM5 modeled valuesfrom initial and optimal
conditions for all the stations. All values are ex-
pressedin cm of ZTD.

station Initial Conditions Optimal Conditions
BELL 1.19 cm 0.01 cm
CREU -1.93 cm -0.04 cm
EBRE -2.17 cm -0.08 cm
ESCO 0.74 cm 0.21 cm
LLIV 2.06 cm 0.34 cm

The 4D-VAR assimilation strategy consists in assimi-
lating the ZTD measurements from the �v e GPS receivers
every 15-min over a 3 hr assimilation time window [18
UTC, 21 UTC] and with a precision that varies in time.
The ECMWF analysis valid at 18 UTC are used as �rst-
guessand background information. No observations other
than GPS ZTD are assimilated. We expect, at least, a re-
duction of the ZTD di�erences between the MM5 model
and the observed values after the assimilation procedure.

The control variables for this caseunder study are the
three components of the wind �eld, the temperature, the
pressureperturbation and the speci�c humidit y at all grid

Figure 6: Evolution of the ZTD di�erences prior
to data assimilation between the GPS observa-
tions and the MM5 modeled values as a function
of time for all GPS sites.

points.

RESUL TS

The minimization was performed until the initial gra-
dient is reduced of one order of magnitude which takes35
iterations of the gradient descent.

The valuesof the cost function and the norm of its gra-
dient are shown in Figure (7) asa function of the iteration
number.

The functional J decreasesby around 90 % of its orig-
inal value during the minimization procedure, with the
largest drop occurring during the �rst 10 iterations. At
the beginning of the minimization, the cost function is en-
tirely due to the observational term since the �rst guess
condition coincides with the background state of the at-
mosphere. The background contribution to J increases
with the iteration level, while the observational term de-
creasesin order to minimize the cost function.

The accuracy of the ZTD value obtained from the opti-
mal state of the atmosphere decreasesfrom 2.4 cm (prior
to data assimilation) to around 0.5 cm of ZTD after the
assimilation of the precise observations.
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Figure 7: Values of the cost function and the
norm of its gradient as a function of the iteration
number.

Figure (8) shows the ZTD di�erences betweenthe GPS
observations and the values obtained from the optimal
initial conditions. As expected, the assimilation of the
zenith total delay reducesthe mean error of the model at
all sites. The average di�erences of ZTD between obser-
vations and MM5 are summarized in Table (3). We �nd
that EBRE, CREU and BELL reduce their absolute ZTD
error by more than 90 % and LLIV and ESCO by above
70 %.

The reduction of the ZTD error can provide from a
reduction of two di�eren t error sources:

� error associated to the hydrostatic contribution

� error causedby the zenith wet delay term

Measurements of surface pressure at GPS sites are
neededto evaluate the �rst sourceof error in order to com-
pare the observed pressuredata with the valuespredicted
by the meteorological model. The only ground-based re-
ceiver from our GPS network that operates a barometer
is CREU station. The time evolution of the surface pres-
sure at CREU is shown in Figure (9). The �gure also
includes the modeled ground pressure from initial and
optimal states of the atmosphere at the time when ZTD

Figure 8: Evolution of the ZTD di�erences from
optimal conditions betweenthe GPS observations
and the MM5 modeled valuesasa function of time
for all GPS sites.

observations are available. The averagebias between the
observed pressure and the values obtained from the �rst
guess initial state is around 1.6 hPa. This value is in
agreement with the pressure errors found by [Pond 01]
associated with the estimation of the ground pressure.

The assimilation of GPS-derived ZTD data doesnot re-
duce this pressureerror at CREU. The di�erence between
the a priori pressureat this site and the value obtained af-
ter the assimilation procedureis basically not changedbe-
causeof the accuracy of the initial surfacepressurewhich
is given at around 0.7 hPa with the B � 1 matrix de�ned in
(1). This error on the ground pressureerror only accounts
for 1.5 mm of ZTD.

We �nd similar results for the modeled pressureat sur-
face with and without assimilation at all GPS stations.
As a consequence,all the improvement achieved with the
assimilation of the zenith total delay is found in the zenith
wet delay contribution, i.e. the moisture content of the
atmosphere.

In the following, we are going to analyze the impact of
the ZTD assimilation in terms of the atmospheric mois-
ture. We select the precipitable water (PW) �eld and
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Figure 9: Surface pressure at CREU station as
a function of time from the observed values (con-
tin uous line) and the pressure variable simulated
with the model from the initial conditions (� ), and
from the optimal state of the atmosphere (� ).

the short-range forecast of precipitation to carry out such
analysis.

Figure (10) shows the PW variable at 18 and 21 UTC
14 September 1999 from the optimal state of the atmo-
sphereafter the 35 iterations allowed in the minimization
procedure. The �gure reproduces the main features ob-
tained from the control run in Figure (4). The correlation
coe�cien t between both plots at the beginning and end-
ing times of the assimilation window is 99 % (average
rms value of 5 mm of PW). However, some di�erences
are found in very localized areas. The control run over-
estimates the moisture content at CREU station at the
end of the assimilation window when compared to the
optimal PW �eld. Similar tendencies are found around
EBRE and BELL sites. The mountain stations (ESCO
and LLIV) located on the Pyrenees do not modify their
PW content after the assimilation of ZTD becausethe
largest part of the moisture content of the atmosphere is
located below 3000 m and these sites have elevations of
around 1500-2000m. We expect that the impact of the
assimilation of ZTD will be higher for lower GPS heights.

The decreaseof the precipitable water �eld at CREU
station with the assimilation of GPS data reduces the
forecast of rainfall at this site. This is shown in Figure
(11) where we display the 3-h accumulated precipitation
ending at 21 UTC 14 September 1999. Another charac-
teristic of this pattern when it is compared with Figure

a)

b)

Figure 10: Precipitable water �elds for 14
September 1999 at (a) 18 UTC and (b) 21 UTC
from the optimal initial conditions.

8



Figure 11: 3-hour accumulated precipitation
from the optimal run ending at 21 UTC 14
September 1999.

(5) is the increaseof produced rainfall at the areacovering
BELL station.

When theseresults are compared with the observations
at the GPS stations (see Table 1) we �nd that the op-
timal run reproduces more accurately the precipitation
measuredat CREU, BELL, and LLIV sites than the con-
trol run. However, the model does not predict the in-
tense peaks of rain measured at BELL and ESCO sites.
We expect better results on the prediction of precipita-
tion when other variables such as wind, temperature and
surface humidit y, which have direct in
uence on the pre-
cipitation predictions, are also assimilated in a 4D-VAR
procedure along with the PW �eld.

We �nd less di�erences between the 3-h accumulated
precipitation ending at 24 UTC when comparing the con-
trol and optimal runs (not shown). This is probably
caused by the \con tamination" of the boundary condi-
tion which is not optimized by the 4D-VAR assimilation
technique.

CONCLUSIONS

We have explored the capabilit y of the 4-Dimensional
Variational assimilation technique to evaluate the impact

of the GPS-derived ZTD observations gathered at �v e se-
lected grid points during the stormy episode of 14 Septem-
ber 1999 in the NE coast of the Ib erian Peninsula. This
data assimilation method takesinto account the high rate
of the GPS data retrievals.

The largest impact of the assimilation of the GPS ob-
servations is found for the moisture component of the at-
mosphere. The results yielded an important improvement
of the moisture �eld and precipitation forecast around
the location of the GPS sites. This encouragesthe use of
dense GPS networks. In general, this in
uence will de-
pend on the topography and model resolutions, and on
the area and the meteorological situation under study.

This study provides preliminary results on the impact
of the GPS data into NWP models for selected areas
and under particular meteorological situations. There are
many issuesregarding this subject that should be further
analyzed in the future. For example, it is necessaryto de-
velop and implement better covariance matrices of NWP
models, and is still missing an observational covariance
matrix for spatial correlations betweenGPS observations.
The use of GPS-derived observations into meteorological
models in an operational environment also requires the
availabilit y of the GPS data in near real time and the im-
plementation of a good qualit y control check. All these
topics should be investigated before the system could be
operational in the weather services.
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