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Floating Dropsondes With DGPS Receiver
for Real-Time Typhoon Monitoring
Shiung-Chi Tsai and Jean-Fu Kiang

Abstract—Both a geometrical correction and a residual error
correction schemes are proposed to improve the positioning accuracy of a three-frequency differential global positioning system
(DGPS) on the order of centimeters, using 1 s of received data, and
the baseline can be up to 120 km. An ad hoc network of floating
dropsondes bearing DGPS receivers is proposed to monitor the
progress of a typhoon in real time. An empirical typhoon model is
adopted to simulate the deployment of such a network in typhoon
Morakot and hurricane Katrina to verify its feasibility.
Index Terms—Global positioning system, hurricanes, remote
monitoring, typhoons.

I. I NTRODUCTION

T

YPHOONS, also called tropical cyclones or hurricanes,
routinely wreak havoc and cause serious damages to many
areas around the world every year. Proper evacuation procedure can be taken if a strong typhoon is anticipated, which
requires more real-time on-site information. Many technologies
have been developed to probe such information, for example,
Doppler radar [1], synthetic aperture radar [2], special sensor
microwave/imager aboard satellites [3]–[8], and so on.
A typhoon absorbs most of its heat energy from warm sea
surfaces [9]–[12], and the process is affected by the wind field,
humidity, and temperature close to the sea surface, from tens
of meters to 1.2 km at altitude [13], [14]. Clouds also have
tremendous impacts on typhoon development [15], [16], and
dropsondes have been deployed to measure the cloud structures within a typhoon, from hundreds of meters to 10 km at
height [17].
Major rainbands of a typhoon usually extend from the eyewall to about 100 km from the center [18], [19]. Convective
cells are accompanied by overturning updrafts and low-level
downdrafts up to 10 km above the sea level [20]. Such vertical
convective motions within the rainband can be measured with
Doppler radars or dropsondes carrying GPS receiver [20]–[23].
The project of dropsonde observations for typhoon surveillance near the Taiwan region has been executed near Taiwan
since 2003, after its predecessor [24], in which dropsondes
bearing GPS receiver are deployed with planes to monitor
the typhoon progress [25]–[28]. In [29], emissivity spectra
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are retrieved by applying the FAST emissivity model version 3 to the wind parameters recorded with GPS dropsondes
and are compared to the emissivity retrieved from coincident
WINDSAT measurements.
In [30], airborne light detection and ranging (LIDAR) technique is used to build digital elevation models, where the
GPS positioning of the LIDAR instrument is often the limiting
factor, with the typical resolution around 10–30 cm.
A fast-convergent algorithm is required to calculate the coordinates of the floating dropsondes in nearly real time. In [31],
5 min of data at a single frequency is used. With a short baseline
of 2 km, the deviation in the height coordinate ranges from 1.6
to 3.3 cm. With a baseline of 102 km, such deviation ranges
from 27 to 175 cm. In [32], the deviation of the coordinates is
−20, 30, 4 cm with a baseline of 1.2 km and the sampling time
of 30 s. In [33], the rms deviation is about 10 cm in the North
Atlantic and 30 cm in the sea-ice region north of Greenland,
with baselines of many hundreds of kilometers.
In [34], a differential global positioning (DGPS) technique is
tested on a platform at the speed of 20–100 km/h and with the
baseline of 1000 km, and the accuracy of 1–3 m is achieved
in real time. In [35], a method is proposed to improve the
resolution of a fast carrier-phase ambiguity with baselines up
to 200 km. The technique is demonstrated over 1 h of data from
four of the five reference stations to obtain precise ionospheric
corrections. The residual effects still limit the accuracy to
10 cm after such corrections. In [36], the spatial correlation of
both ionospheric and tropospheric propagation delays is used to
improve the accuracy to about 2–10 cm, using 30 s of data over
baselines of 150–300 km.
In this paper, an effective DGPS algorithm with geometrical
correction and residual error correction schemes is proposed
to estimate the coordinates of dropsondes using 1 s of data,
over baseline up to 120 km. An ad hoc DGPS receiver network
is proposed to improve the positioning accuracy of the dropsondes so that the wind field of a typhoon can be measured.
Conventional chutes of dropsondes are replaced by weather
balloons to extend the operational time of the dropsondes,
which have not been used on dropsondes before [37], [38].
Proper radii of balloons are chosen so that the dropsondes can
stay at different heights within a typhoon to measure the height
profile of different weather parameters. Deployment scheme
of dropsondes and airplane route have also been simulated to
achieve a more uniform spatial distribution of dropsondes.
This paper is organized as follows. The DGPS algorithm
is presented in Section II, an empirical wind-field model of
typhoons, and the kinematics of floating dropsondes are analyzed in Sections III and IV, respectively. The simulation results
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based on the scenarios of typhoon Morakot and Hurricane
Katrina are demonstrated in Section V, followed by the
conclusion.
II. DGPS A LGORITHM
The ionospheric and tropospheric perturbations to the GPS
signals received at two close-by GPS receivers can be compensated to some extent by applying the DGPS technique
[39]–[42]. The carrier phase φ and the pseudorange ρ between
a GPS satellite and a receiver are defined as [39], [40], [43]
φ = r + Iφ + Tφ + c(δts − δtu ) − λNφ + εφ
ρ = r + Iρ + Tρ + c(δts − δtu ) + ερ
where λ is the wavelength of the GPS signal, r is the distance
between the satellite and the receiver, Iφ,ρ and Tφ,ρ are the
delays in the ionosphere and the troposphere, respectively, c is
the speed of light in free space, δts and δtu are the clock errors
at the satellite and the receiver, respectively, Nφ is the integer
ambiguity, and εφ,ρ are the noises embedded in the carrier
phase and the pseudorange, respectively. Note that Iφ = −Iρ
and Tφ = Tρ [39].
Define the double difference of the carrier phase and the
pseudorange at two receivers associated with satellites k
and  as
(k)

(k)
(k)
(k)
(k)
∆φ = φ(k)
ur = rur − Iur + Tur − λNur + εφ,ur
(k)

(k)
(k)
(k)
(k)
∆ρ = ρ(k)
ur = rur + Iur + Tur + ερ,ur
(k)
 rur
+ ε(k)
ρ,ur
(k)

with ζ = r, Tρ , Iρ , Nφ , εφ , ερ . The subscript α is removed
if the quantity is independent of the frequency. The integer
ambiguities ∆N̄α in (1) can be estimated using the three-carrier
ambiguity resolution [44], [45].
Define the combined double-difference phase and pseudorange measurement vectors as
∆φ̄(i,j,k) =

if1 ∆φ̄1 + jf2 ∆φ̄2 + kf5 ∆φ̄5
if1 + jf2 + kf5

∆ρ̄(i,j,k) =

if1 ∆ρ̄1 + jf2 ∆ρ̄2 + kf5 ∆ρ̄5
if1 + jf2 + kf5

where the integers i, j, and k are properly selected [44],
[45]. Define the combined integer ambiguity and combined
wavelength as
∆N̄(i,j,k) = i∆N̄1 + j∆N̄2 + k∆N̄5
c
λ(i,j,k) =
.
if1 + jf2 + kf5

()

where ζur = ζur − ζur with ζ = φ, ρ, r, Iρ , Tρ , Nφ , ερ , εφ
and the superscripts k and the subscripts ur are indices to
relevant GPS satellites and receivers, respectively. The double
differences associated with Iρ and Tρ have been neglected
under the approximation that Iρ,u  Iρ,r and Tρ,u  Tρ,r when
the user and the reference receivers are not too far apart.
A. Determination of Ambiguities at Three Carriers
The double difference of carrier phase and pseudorange
measurement vectors at frequency fα can be decomposed into
∆φ̄α = ∆r̄ + ∆T̄ − ∆I¯α − λα ∆N̄α + ∆ε̄φ

Another EWL is defined as


 ¯
∆φ̄(0,1,−1) + λ(0,1,−1) ∆N̄(0,1,−1)
0
Ā
= ¯
∆φ̄(1,−6,5)
Ā λ(1,−6,5) I¯¯


x̄ur
×
∆N̄(1,−6,5)
from which ∆N̄(1,−6,5) can be determined using the least
squares method, where x̄ur = x̄u − x̄r is the relative position
vector to be estimated, I¯¯ is an identity matrix
 (2)

(1)
ŝr − ŝr
 ŝ(3) − ŝ(1) 
r 
 r
¯
Ā = 

..


.
(K)
(1)
ŝr − ŝr
(k)

∆ρ̄α = ∆r̄ + ∆T̄ + ∆I¯α + ∆ε̄ρ

(1)

where

t
(31)
(K1)
∆φ̄α = φ(21)
,
φ
,
·
·
·
φ
ur,α
ur,α
ur,α

t
(31)
(K1)
∆ρ̄α = ρ(21)
ur,α , ρur,α , · · · ρur,α

(3)

The extrawidelane (EWL) is a geometry-free determination,
derived to compute the ambiguity [44], [45]


∆ρ̄(0,1,1) − ∆φ̄(0,1,−1)
∆N̄(0,1,−1) = round
.
λ(0,1,−1)

(k)
(k)
 rur
− λNur
+ εφ,ur

(k)

are the double-difference carrier phase and pseudorange measurement vectors associated with K satellites at frequency
fα . Three carrier frequencies at f1 = 1575.42 MHz, f2 =
1227.6 MHz, and f5 = 1176.45 MHz are considered, which are
indicated by α = 1, 2, and 5, respectively. Similarly, define

t
(21)
(31)
(K1)
, ζur,α
, · · · ζur,α
∆ζ̄α = ζur,α

(2)

is the observational matrix, and ŝr is the unit vector pointing
from the reference receiver to satellite k. Also, a widelane is
defined as


∆φ̄(0,1,−1) + λ(0,1,−1) ∆N̄(0,1,−1)
∆φ̄(4,0,−3)
¯


x̄ur
Ā
0
= ¯
Ā λ(4,0,−3) I¯¯ ∆N̄(4,0,−3)
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(k)

Hence, the double-difference rur can be expressed as

 

(k)
rur
= ru(k) −rr(k) − ru() −rr()


()
= − ŝ(k)
· x̄ur
r −ŝr

2

(k)

 x̄ · x̄
x̄ur ·ŝr
ur ur
+
−
(k)
(k)

2rr
 2rr

+

from which the ambiguity ∆N̄(4,0,−3) can be determined using
the least squares method.
At last, the ambiguities at f1 , f2 , and f5 can be derived based
on (3) as


 
∆N̄(1,0,0)
−18
 ∆N̄(0,1,0)  =  −23
−24
∆N̄(0,0,1)



−3 1
∆N̄(0,1,−1)
−4 1   ∆N̄(1,−6,5)  .
−4 1
∆N̄(4,0,−3)

B. Geometrical Correction
Fig. 1(a) shows the scheme of single-difference measurement
with a short baseline, where the two vectors are almost parallel.
However, with a long baseline as shown in Fig. 1(b), the
parallel approximation between these two vectors are no longer
(k)
accurate enough. In such case, ru can be expressed in terms
(k)
of rr as
ru(k)


2

1/2
(k)
(k)
(k)
=
rr
+ x̄ur · x̄ur + 2rr −x̄ur · ŝr

 rr(k) − x̄ur · ŝ(k)
r +

+

(k)

x̄ur · ŝr

x̄ur · x̄ur
(k)

2rr

−

(k)

x̄ur · ŝr

2

(k)

2rr



(x̄ur · x̄ur ) [x̄ · x̄ ]2
ur
ur
−
2
3

(k)
(k)
2 rr
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(k) 3

1 x̄ur · ŝr
−
(k)
2
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(k)
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(k)
4
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2
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3
(k)
(k)
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(k)
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(k)
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x̄ur ·ŝr (x̄ur · x̄ur )
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−
−
+
 2
()
()

()
2rr
 2rr
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−  3 +
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2
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+
 2
()

4
()
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(k)
= − ŝ(k)
· x̄ur +αur
.
(4)
r −ŝr
−

Fig. 1. Geometry for single-difference measurements. (a) With a short baseline. (b) With a long baseline.

(k)

x̄ur ·ŝr

1
2

+

3
4

Take, for example, if the baseline is 100 km, the first two terms
in the braces are about 10−4 and the third and the fourth terms
in the braces are about 10−6 and 10−8 , respectively.
(k)
(k)
()
Since |αur |  |[ŝr − ŝr ] · x̄ur |, (4) can be reduced to


(k)
()
· x̄ur,0
rur
= − ŝ(k)
−
ŝ
r
r
upon which the least squares method can be applied to get the
initial guess x̄ur,0 .
(k)
Next, calculate αur,1 based on the initial guess x̄ur,0 as

2

(k)

 x̄
x̄
·ŝ
r
ur,0
ur,0 · x̄ur,0
(k)
αur,1 =
−
(k)
(k)

2rr
 2rr


(x̄ur · x̄ur,0 ) (x̄
2
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+
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2
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2 rr
8 rr

2

()

 x̄
x̄
·ŝ
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2
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−
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(5)

4366

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 49, NO. 11, NOVEMBER 2011

Fig. 3. Coefficients aα ’s as functions of θ, based on the constellation status
at UTC + 8 = 23 : 30 on August 6, 2009.

Fig. 2. Position errors without tropospheric error, ionospheric error, or noise.
(a) θ = 45◦ . (b) θ = 162◦ . Marks indicate the results without residual error
correction.

Substitute (5) into (4) to derive


(k)
(k)
()
· x̄ur,1 .
rur
− αur,1 = − ŝ(k)
r − ŝr
The least squares method is applied again to get x̄ur,1 , which
(k)
is then used to calculate the residual term αur,2 . The process is
repeated until x̄ur converges.
C. Residual Error Correction
The positions of the dropsondes and the satellites are known
in the simulation, and the residual errors after geometrical
correction are observed to roughly follow a cubic function of
the baseline length R = |x̄ur | as
(6)

Fig. 4. Position errors without tropospheric or ionospheric error but with
noise. (a) θ = 45◦ . (b) θ = 162◦ . Marks indicate the results without residual
error correction.

where α = x, y, z. Fig. 2 shows the position errors based
on 1 s of received data, in the absence of tropospheric error,
ionospheric error, or noise. The position errors with residual
error correction are obviously smaller than those without it.
The coefficients aα ’s are functions of the azimuth angle θ,
which is the angle of x̄ur measured from the north. Fig. 3
shows the coefficients based on the constellation status at
UTC + 8 = 23 : 30 on August 6, 2009, which remain almost
constant over 300 s. These coefficients are associated with a
specific constellation status over a specific period of time, and
they can be determined a priori. In the visionary field trials, the

baseline length R based on conventional GPS data is sufficient
to retrieve the residual errors.
Fig. 4 shows the position errors without tropospheric or
ionospheric errors but with the noise, and the receiver position
is estimated using 1 s of received data too. Fig. 5 shows the position errors in the presence of tropospheric error, ionospheric
error, and noise. It is observed that the troposphere induces
more error than the ionosphere does, and the tropospheric
error is not completely compensated when the baseline is long.
The tropospheric and ionospheric errors can be reduced using

εα (θ) = aα (θ)R3
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Fig. 7. Position errors with residual error correction. The tropospheric error,
ionospheric error, and noise are considered; θ = 45◦ . Marks indicate the results
without geometry correction.

Fig. 5. Position errors with tropospheric error, ionospheric error, and noise.
(a) θ = 45◦ . (b) θ = 162◦ . Marks indicate the results without residual error
correction.
Fig. 8. Typical structure of a typhoon [46].

Fig. 6. Position errors without residual error correction. The tropospheric
error, ionospheric error, and noise are considered; θ = 45◦ . Marks indicate the
results without geometry correction.

measured or modeled data of the troposphere and ionosphere,
which are not considered in this paper.
In Figs. 6 and 7, the relative effect of geometrical correction and residual error correction schemes is compared. It is
observed that the position errors are reduced more by the former
than by the latter.

III. W IND -F IELD M ODEL OF T YPHOONS
To simulate the drifting paths of dropsondes, an empirical
wind-field model of typhoons is required. Fig. 8 shows the

Fig. 9. Approximate wind profile in any vertical cross section passing through
the axis. To model typhoon Morakot, choose h1 = 13 km, h2 = 15 km,
ρe = 25 km, ρ0 = 100 km, ρ1 = 150 km, ρ2 = 200 km, R = 250 km,
a1 = 25 km, a2 = 1 km, and a3 = 1 km.

typical structure of a typhoon, in which the eye, the eyewall,
and the rainband are labeled by I, II, and III, respectively.
An axisymmetrical typhoon model has been adopted in
simulations [46]. Fig. 9 shows the wind profile on a vertical
cross section passing through the axis [46], [47]. The azimuthal
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wind speed is approximated as a linear function of the radius ρ,
increasing from about 13.87 m/s at the outer rim R = 250 km to
32.6 m/s at the inner perimeter of the eyewall ρe = 25 km. The
upward wind speed vz is about one-thousandth of the azimuthal
speed [48].
In region C, the radial and the vertical wind speeds are
(w)
approximated as vρ,C = −10 and 0 m/s, respectively.
In region D, the radial wind speed
from

(w)
vρ,C

(w)
vρ,D

increases linearly

m/s at ρ = ρe + a1 to zero at ρ = ρe . The vertical

where vdw and ûdw are the magnitude and direction, respectively, of the dropsonde velocity with respect to the
wind and
k=

with Cd being the drag coefficient, ρair being the air density,
and A being the equivalent area of the chute or balloon.
Under high speed of wind, the air resistance becomes

(w)

wind speed vz,D (z = a3 ) is derived under the conservation of
mass, where the air density within the typhoon is approximated
as a constant. We also make an approximation that the vertical
(w)
wind speeds in regions D and E are the same as vz,D (z = a3 ).
(w)

Similarly, the radial wind speed in region A, vρ,A (ρ), is
derived by assuming that the mass entering region B is the same
as that flowing into region A.
(w)
In region B, the vertical wind speed vz,B decreases linearly

1
Cd ρair A
2

2
F̄d,h = −ûdw kvdw
.

For a typical dropsonde equipped with a circle chute, weighing
less than 400 g, the drag coefficient is about 0.47 [52], and the
equivalent area is about 706.8 cm2 [53].
A weather balloon is expected to have a longer gliding time
than a chute. The buoyancy of a balloon is
F̄b = −(ρair − ρin )V ḡ

(w)

from vz,E (ρ) at z = h1 + a2 to zero at z = h2 . The radial wind
(w)

speed decreases linearly from vρ,A (ρ = ρe + a1 ) at ρ = ρe +
a1 to zero at ρ = ρe .
(w)
In region F, the vertical wind speed vz,F at ρm,F = (R +
ρ2 )/2 is estimated as
(w)

where ρin is the density of air inside the balloon with volume V
and ḡ is the gravity.
The acceleration of a balloon with mass m is determined by
all the exerted forces as
ā(t) =

(w)

vm,F = vz,F (ρm,F ) = 0.001vφ (ρm,F ).
The vertical wind speed decreases to zero at ρ = R and ρ = ρ2 .
(w)
In region G, the radial wind speed vρ,G at ρ = ρ2 is derived under the conservation of mass. The radial wind speed
(w)
decreases linearly from vρ2 ,G at ρ = ρ2 to zero at ρ = R. The
(w)
vz,G

F̄d + F̄b
− ẑg
m

and its velocity and displacement vectors at time instant t can
be derived as
t
v̄

(d)

(t) = v̄

(d)

(t0 ) +

(w)
vz,F

decreases linearly from
at z = h1
vertical wind speed
to zero at z = h1 + a2 .
In region H, the vertical wind speed is approximated as



ρ2 −ρ
 vm,H
,
ρ
−ρ
(w)
 2 m,H

vz,H (ρ) =
ρ
−2ρ
+ρ
2
m,H
 vm,H
,
ρ2 −ρm,H

t0

t
r̄(d) (t) = r̄(d) (t0 ) +

where ρm,H = (ρ1 + ρ2 )/2 and vm,H are derived under the
conservation of mass.
In region I, the radial wind speed decreases linearly from
(w)
(w)
vρ2 ,I at ρ = ρ2 to zero at ρ = ρ1 . The vertical wind speed vz,I
(w)

is assumed to decrease linearly from vz,H at z = h1 to zero at
z = h1 + a 2 .
The wind-speed distributions in regions J, K, L, and M are
derived in a similar manner to those in regions F, G, H, and I.

The motion of a balloon is determined by the gravity, buoyancy, and air resistance. The air resistance of a chute or a
balloon under low speed of wind is [49]–[51]
F̄d,l = −ûdw kvdw

v̄ (d) (t )dt

The dropsonde reaches a terminal velocity when ā(t) = 0.
The density of air can be expressed as [54]
ρair =

pM
RT

where p (in pascals) is the pressure at altitude h (in meters), M = 28.9644 g/mol is the molecular weight of air, R =
8.31432 J/mol/K is the gas constant, and T = T0 − Lh (K)
is the temperature, with the standard temperature at the sea
level T0 = 288.15 K and the temperature lapse rate L =
0.0065 K/m. The pressure is also a function of h as


IV. K INEMATICS OF D ROPSONDES

.

t0

ρm,H ≤ ρ ≤ ρ2
ρ1 ≤ ρ ≤ ρm,H

ā(t )dt

p = p0

Lh
1−
T0

gM/(RL)

where p0 = 101325 (Pa) is the standard atmospheric pressure
at the sea level.
By applying all these kinematic equations, the steady height
of a balloon with specific radius can be determined, as shown
in Fig. 10.
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Fig. 10. Steady height of a balloon versus its radius, assuming that the payload
weighs 400 g.
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Fig. 12. Horizontal distribution of dropsondes at UTC + 8 = 23 : 30 on
August 6, 2009. The star marks the eye of typhoon Morakot.

Fig. 11. Simulated flight path over typhoon Morakot. The gray dashed line is
150 km long.

V. R ESULTS AND D ISCUSSIONS

Fig. 13. Vertical distribution of dropsondes at UTC + 8 = 23 : 30 on
August 6, 2009.

In this section, simulation results are presented to demonstrate the feasibility of deploying floating dropsondes with
DGPS receivers in the scenarios of typhoon Morakot around
Taiwan in early August 2009 [55] and hurricane Katrina around
Louisiana in late August 2005 [56].
A. Typhoon Morakot
Fig. 11 shows the simulated flight path over typhoon
Morakot. The airplane flies at 720 km/h, 12 km above the
mean sea level, and the total flight time is about 1 h. A total
of 62 dropsondes are deployed along the flight path, with one
dropsonde every minute. The radii of balloons are chosen to
make them stay from slightly above the sea level to the height
of 6 km. The first dropsonde is dropped at 20:30 local time
(UTC + 8) on August 6, 2009 when the typhoon center is at
23.5◦ N, 125.1◦ E, with a radius of about 250 km.
Figs. 12 and 13 show the distributions of dropsondes in
the horizontal and the vertical planes, respectively, at 23:30
local time. Each dropsonde is labeled by an integer to indicate
its order of dropping. These dropsondes are drifted into nine
clusters, and the one near the center of each cluster is chosen as
the reference station in that cluster.
The positioning accuracy is better when the dropsondes
are closer to one another, as in cluster one, than when the
dropsondes spread farther apart, as in cluster nine. Figs. 14
and 15 show the position errors of dropsonde 43 in cluster one

Fig. 14. Position errors of dropsonde 43. Its baseline ranges from 2.43 to
2.73 km, starting at UTC + 8 = 23 : 30 on August 6, 2009. The standard
deviations over 300 s are σx = 2.78 cm, σy = 3.56 cm, and σz = 12.25 cm.

and dropsonde 5 in cluster nine, respectively. The ionospheric
and tropospheric errors are not completely compensated due to
the long baseline [35], [36].
Due to the random nature of wind blow, the receiver antenna
may swing and rotate about the center of mass of the whole
dropsonde module, which induces a phase variation in the
received signal. If a directional antenna like a horn is used,
the phase and even the amplitude of the received signal will
change when the antenna is rotated by the wind. If an omnidirectional antenna is used, the amplitude of the received signal
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Fig. 15. Position errors of dropsonde 5. Its baseline ranges from 65.99 to
109.05 km, starting at UTC + 8 = 23 : 30 on August 6, 2009. The standard
deviations over 300 s are σx = 3.32 cm, σy = 4.11 cm, and σz = 12.30 cm.

Fig. 17.

Average of position error of all 62 dropsondes at different baselines.

Fig. 16. Standard deviation of position error of all 62 dropsondes at different
baselines.

will become independent of the incident direction. If such an
omnidirectional antenna is properly designed, including the
polarization effect, so that its phase center is close to its physical
center, the antenna rotation about its physical center will cause
only insignificant phase variation. In the simulation, such phase
variation can be incorporated into the phase error term.
We may also contemplate a situation that the antenna rotates
about an axis passing through the center of mass of the whole
dropsonde module, then the position estimated with the algorithm will be that of the antenna. If the antenna is placed close
to or, better off, at the center of mass, the estimated position will
be that of the center of mass of the dropsonde module. There
must be many practical aspects of implementation not covered
in this paper, which may trigger the interest of scientists and
engineers studying in this field.
Figs. 16 and 17 show the standard deviations and the averages of the position errors of all these 62 dropsondes. The
presented data for each dropsonde are derived from 300 position errors, with one error evaluation per second. The standard
deviations in the vertical direction are usually larger than those
in the horizontal ones. The average position error increases with
the baseline, mainly due to the incomplete compensation of
ionospheric and tropospheric errors over a long baseline, even
under the double-difference scheme.
Although the position errors become large over a long
baseline, the displacement of a dropsonde between two time

Fig. 18. Simulated flight path over hurricane Katrina. The gray dashed line is
150 km long.

instants, which measures 1 s, can still be estimated accurately
enough because the position errors are almost cancelled when
taking the difference of the estimated positions at these two
instants.
The positions of the reference stations can be estimated using
conventional GPS technique or using the DGPS technique by
referring to another known reference station.
B. Hurricane Katrina
Fig. 18 shows the simulated flight path over hurricane
Katrina. The airplane flies at the speed of 720 km/h, 12 km
above the mean sea level, and the total flight time is about
1 h. A total of 62 dropsondes are deployed along the flight
path, with one dropsonde every minute. The first dropsonde
leaves the cargo bay at 15:00 UTC on August 27, 2005 when
the typhoon center is at 24.5◦ N, 85◦ W, with the radius of about
380 km. Figs. 19 and 20 show the distributions of dropsondes
in the horizontal and the vertical planes, respectively, at 18:00
UTC on August 27, 2005.
These dropsondes are drifted into nine clusters, among which
cluster five has better positioning accuracy while cluster nine
has worse positioning accuracy. Figs. 21 and 22 show the
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Fig. 19. Horizontal distribution of dropsondes at 18:00 UTC on August 27,
2005. The star marks the eye of hurricane Katrina.
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Fig. 22. Position errors of dropsonde 5. Its baseline ranges from 82.57 to
84.11 km, starting at 18:00 UTC on August 27, 2005. The standard deviations
over 300 s are σx = 6.69 cm, σy = 1.61 cm, and σz = 8.48 cm.

Fig. 20. Vertical distribution of dropsondes at 18:00 UTC on August 27, 2005.
Fig. 23. Standard deviations of position error of all 62 dropsondes.

Fig. 21. Position errors of dropsonde 12. Its baseline ranges from 0.99 to
1.16 km, starting at 18:00 UTC on August 27, 2005. The standard deviations
over 300 s are σx = 1.05 cm, σy = 0.76 cm, and σz = 1.56 cm.

Fig. 24. The averages of position error of all 62 dropsondes.

position errors of dropsonde 12 in cluster five and dropsonde
5 in cluster nine, respectively. Figs. 23 and 24 show the standard
deviations and the averages of position errors of all these
62 dropsondes over the observation time of 300 s. It is observed
that the average of position errors increases with the baseline.
Although the position errors may reach 1–2 m, the displacement of the dropsonde between two subsequent instants can still
be estimated accurately because the position errors are almost
cancelled when subtracting the estimated position vectors at
these two instants. As for measuring the other weather param-

eters in the hurricane, this level of positioning accuracy is fair
enough.
The positioning accuracy in this demonstration is worse than
that in typhoon Morakot. Fig. 25 shows the positions of the
on-sight GPS satellites at 18:00 UTC on August 27, 2005.
The origin indicates the hurricane center, and the difference of
elevation angle between two adjacent circles is 15◦ . It appears
that most of the satellites were close to the horizon, which
also implies that the ionospheric and tropospheric errors among
signals from different satellites are more difficult to cancel.
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Fig. 25. Positions of GPS satellites at 18:00 UTC on August 27, 2005.

VI. C ONCLUSION
A DGPS technique with geometrical and residual error corrections has been proposed, which can achieve the positioning
accuracy in centimeters using 1 s of received data, and the
baseline can be up to 120 km. An ad hoc network of floating
dropsondes has been proposed to monitor typhoon progress in
real time, in which the chutes are replaced by weather balloons
of designate sizes to extend the observation time of dropsondes
at different heights. Plausible application of such a network
has been demonstrated under the scenarios of typhoon Morakot
and hurricane Katrina. Positioning errors of the dropsondes are
analyzed to assess the feasibility of measuring the real-time
wind-field distribution of typhoons with this network.
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