Ann. Geophys., 28, 1981991, 2010 ~ "*
www.ann-geophys.net/28/1981/2010/ G Ann_ales
doi:10.5194/angeo-28-1981-2010 Geophysicae
© Author(s) 2010. CC Attribution 3.0 License. -

A source location algorithm of lightning detection networks in China

Z. X. Hu, W. G. Zhao, and H. P. Zhu
School of Civil Engineering & Mechanics, Huazhong University of Science & Technology, Wuhan, China

Received: 3 July 2010 — Revised: 19 September 2010 — Accepted: 22 September 2010 — Published: 29 October 2010

Abstract. Fast and accurate retrieval of lightning sources isthe US National Lightning Detection Network (NLDN), the
crucial to the early warning and quick repairs of lightning lightning detection network in Europe (LINET), Zeus in Eu-
disaster. An algorithm for computing the location and onsetrope and Africa, and the World Wide Lightning Location net-
time of cloud-to-ground lightning using the time-of-arrival work (WWLLN) (Cummins et al., 1998a; Betz et al., 2009;
(TOA) and azimuth-of-arrival (AOA) data is introduced in Chronis and Anagnostou, 2006; Dowden et al., 2008; Rodger
this paper. The algorithm can iteratively calculate the least-et al., 2005, 2006), etc. These long-range lightning detec-
squares solution of a lightning source on an oblate spheroiddion networks primarily locate cloud-to-ground (CG) light-
Earth. It contains a set of unique formulas to compute thening which is hazardous to human society. The data provided
geodesic distance and azimuth and an explicit method tdy these networks are widely used in electric power systems
compute the initial position using TOA data of only three and for the aviation industry and meteorology research.
sensors. Since the method accounts for the effects of the npodern lightning detection systems are equipped with

oblateness of the Earth, it would provide a more accuratenyitiple time-sync remote sensors capable of recording the
solution than algorithms based on planar or spherical surfac@me-of-arrival (TOA) and/or azimuth-of-arrival (AOA) of
models. Numerical simulations are presented to test this althe electromagnetic wave radiated by CG lightning (Krider et
gorithm and evaluate the performance of a lightning detec)|, 1976; Lee, 1986). Thus the unknown lightning location
tion network in the Hubei province of China. Since 1990s, and onset time can be determined by these measurements.
the proposed algorithm has been used in many regional lighta variety of algorithms have been proposed for the light-
ning detection networks installed by the electric power sys-njng |ocation (Cummins and Murphy, 2009; Koshak et al.,
tem in China. It is expected that the proposed algorithm bezoo0; Koshak and Blakeslee, 2001; Cummins et al., 1998b;
used in more lightning detection networks and other locationpowden et al., 2002); these can be roughly divided into two

systems. categories: one works by solving the non-linear equations
Keywords. Meteorology and atmospheric dynamics (Light- (Koshak et al., 2000; Koshak and Blakeslee, 2001) and the
ning) other by searching for the optimum position in solution space

(Cummins et al., 1998b; Dowden et al., 2002). Under the as-
sumption that the electromagnetic wave propagates along a
flat or spherical Earth, a pedagogical effort has been made
by Koshak et al. to linearize the observation equations and
Cloud-to-Ground (CG) lightning is one of the most dan- give a non-iterative solution. Since the grounq wave prop-
gerous atmospheric phenomena, often causing injuries angdates along the surface of an oblate spheroidal Earth, the
deaths, power system interruptions and equipment damagé".bove planar or spherical surface assumptions are not appro-

Ground-based lightning detection networks have been inprie}te. To address this problgm, an iterative o.blate method
stalled all over the world to provide useful information for {@king the Earth's oblateness into account was introduced by

CG lightning monitoring and research. Some providers ard<0Shak and Blakeslee (2001), but at least four sensors are
needed for providing an initial position and the iterations of-
ten degrade the initial value as well. In addition, the iterative

Correspondence taZ. X. Hu oblate method can not incorporate the azimuth of arrival data
BY

(zhixianghust@gmail.com) for improving the location accuracy. In 1992, the improved
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North pole be employed for broader lightning detection networks. And

. for the first time, the algorithm is tested using a series of
numerical simulations. In the ensuing section, the mathe-
_ matical theory of lightning location on an oblate spheroidal
Parallel Earth surface is introduced, as well as a unique method to
circle — ' compute the geodesic distance and azimuth. In Sect. 3, an
explicit method for calculating an initial position of lightning
source position using time of arrival measurements measured
by three sensors is presented, and then the least-square posi-
tion is computed iteratively. The performance of the pro-
posed algorithm is tested in Sect. 4. Then, conclusions are
drawn in Sect. 5.

2 CG lightning location principle

As shown in Fig. 1, the 1984 World Geodetic System
Earth Ellipsoid (WGS-84) is used in our work:B =
geodetic latitude and. = longitude. The curvature ra-
dius at the polesCo = 6399593626 m, the first eccentric-
Fig. 1. The oblate spheroidal Earth geometByis geodetic latitude, ity 2 = 0.00669437992 and the second eccentrieh?y:

L is longitude of a point on the oblate spheroidal Earth surface. 4 (006739496745. The lightning source and the sensors are
assumed to be located on the Earth surface; altitude is not
considered in this paper.

accuracy from combined technology (IMPACT) was devel- Consider that the position of a CG lightning(i8, L) and

oped for lightning locations detected by NLDN (Cummins its onset time ig. The TOA recorded by theth sensor is

et al., 1998b). The IMPACT algorithm determines the bestdenoted as;, i =1, 2,---, n, and the AOA asy;, the arrival

estimate of the lightning location by iteratively moving the time and azimuth equations can be written as

stroke position along the surface of an oblate spheroidal

Earth. Although the IMPACT algorithm is commercially % =7+ % +e7is 1)
successful, the specific software is proprietary and not widely
distributed free of charge to the scientific community, and itso; = i p + € 4i, (2)

data processing ability is constrained by computer power. In _ _ o
WWLLN, the lightning strokes are located using the “down- Wherec is the speed of light in air§;» and §;» are the
hill simplex” method (Dowden et al., 2008; John and Mead, geodesic distance and azimuth between sensand the

1965), which is also a searching method similar to the IM- lightning sourcegr; ande,; are the measurement errors of
PACT algorithm. arrival time and azimuth, respectively. The measurement er-

rors are due to the effects of the nondeterministic nature of
the lightning signals (Thomas et al., 2004), the propagation
over complex terrain (Cummins et al., 1998a; Schulz and
Diendorfer, 2000) and the clock error, and the reflexion of
the signal will cause systematic error of AOA measurement
Orville, 1991). We compile all these effects into Gaussian

In this paper, an efficient CG lightning location algorithm
is presented utilizing both TOA and AOA data. This algo-
rithm has the advantages of retrieval lightning location and
of onset time directly on the oblate spheroidal Earth surface
The earlier version of this algorithm was developed by Zhao

et al. (1999), and since then it has been widely used in man . _ :

. . . . : ._error models, i.e., the errors are normally distributed with
regional lightning detection networks installed by the electric zero mean values and predefined vari hich is d

. . . . predefined variances which is denoted
power system in China. Because of the demand for I|ghtn|nga502 ando?2 in this paper
monitoring for the space launch center in Wenchang, Hainan, A?] eﬁicignt method for. computing the geodesic distance
we plan to install several lightning sensors in this region be- : L . :
and azimuth is given below, with which one can calculate

fore 2012. For this purpose, we have improved Zhao's algos he geodesic distance and azimuth with high accuracy. These

:gf:rr]ne Zr;?nz:?/::/s?l)unag;]g]gg tgﬁtr?rrr?stir:;;uﬁc}:/i.t iﬁﬁgp(’f ormulas were first derived by Zhao (1997) for ellipsoidal
9 ' P P geodesy research. As shown in Fig. 2, (8t,L;) denote

s!non calgulqtmg method is more accurate after gpplymg aposition of thei-th sensor, then the geodesic distarsge
simple unit circle model for choosing the best combination of nd azimuthp; » can be calculated b

three sensors. Furthermore, in the present version of the af i y

gorithm, a high accuracy expression of the geodesic distance

N; sinB;
. ) — _p2 2 TN
calculating method is used, which enables this algorithm to5i i) _arctar[(l e“)tanBp +e

NpCOSBpi|’ (3)
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North Pole

North Pole

Fig. 2. The geodesic patly; p and the azimutts; p and Sp; be-
tween thei-th sensor and the lightning source positioA. is the
lightning location.

Table 1. Adjustment of the calculated value of the geodesic az- Fig. 3. The geometry of CG lightning source retrieval using only

imuth. three sensors #1, #2 and #B.is the unknown lightning location;
B denotes azimuth§ andé represent geodesic distance and radian
LisLp Li>Lp measure distance, respectively.
B; <Bp Unchanged Addz2
Bi > Bp Add

coincide favorably with the centimeter accurac;&@t-. The
geodesic distance is finally given by

sinl; p ' :|, 4) SiP=M~ (8)

tan(B; + ;) CosSB; — sinB, cod, p 2

Sin; p COS(B; + 1) When S;p is shorter than 500km, the calculation errors

Gipzarcsir{ ipEOA i T i ] (5)  of geodesic distance and azimuth are below 0.05m and
sing; p 0.01 arc sec, which is accurate enough for lightning detec-

Bip = arctar{

~ 1 tion networks. For longer geodesic lines, we will verify this
Sip=N;bip (1— 66/2005231' COSZﬁiP@%a), (6) method by the results of a set of higher accuracy forms and
compare it with Sodano’s forms (Sodano, 1965) in Sect. 4;
wherel;p = L — L; is the longitude difference between the the latter has been used by Koshak et al. for the lightning
two points,¢; is a correctional angle), p is radian measure source location. Koshak et al. has proven that one can use
distance and Sodano’s forms to calculate geodetic distance within cen-
timeter accuracy. The detailed derived process of the pro-

C
N; = /—20 (7) posed forms Eqg. (3)(6) is beyond the scope of this paper,
1+e2cog B; for further details, the reader is referred to Zhao (1997).
is the radius of curvature in prime vertical at thé¢h sen- Given multiple ¢ > 3) sensors’ recorded data of signal ar-

sor position. Equations (3) to (5) are closed formulas de-rival time and azimuth, the CG lightning source can be re-
rived from the properties of the spherical surface; Eq. (6) istrieved from the equation set composed of Egs. (1) and (2).
truncated forms from an infinite series that approaches théince the equations are nonlinear, a Newton iteration method
geodesic distance. Since the value of geodesic azimuth caFan be applied. Good initial position and onset time are re-
culated by Eq. (4) lies in the range-§, %] rather than the quired for the algorithms’ convergence. The initial position
expected range [07], the calculated value should be ad- computation method will be discussed in the subsequent sec-
justed, as listed in Table 1. If the azimuth is very close totion, as well as the detailed procedure of the iteration method.
Zor ?’—g which corresponds to an unstable (extremely large)
tangent value, the azimuth should be carefully determined to
eliminate calculation error. In these two cases, the azimuth is
close to% whenL; < Lp or close t037” whenL; > Lp.

An exchange of the subscript of Eq. {3)6) can give
(Bp +op), Bpi, 0p; andSp;. The values of; p are found to
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3 CG lightning source retrieval algorithm where

A’ = —(sinf12SinB12 — kSind13SinB13)
B’ = sinf12c08812 —ksSind13c0B13
C’ = ksinA13—sinA1»

3.1 Explicitinitial values

Time-of-arrival geolocation techniques were primarily devel-
oped for marine navigation systems like the Loran systemgnd
Razin had derived an explicit position calculation method
for the Loran system (Razin, 1967). The position calcula-k =
tion method that we present here is similar but not identical to
Razin’s explicit solution. Our method is simpler than Razin’s From Eq. (15), an initial value of the azimuth of the geodesic
method and no osculating sphere (best-fit sphere) approadiiom lightning source position to sensor 1 can be obtained,
is needed for the approximation of the Earth's surface surgiven by
face. This method can provide initial CG lightning position o
and onset time for the subsequent Newton iteration algorithmB1p = —arcsit; cosy) —y (16)
which will give an improved solution. = —arcsir(§ siny) —y,

Consider that recorded data of sensor 1, 2 and 3 are use\ﬁhere
to calculate the lightning location and onset time, as shown
in Fig. 3. S12, B12, S13, and Si13 can be calculated using :arctar(i/)
Eq. (3)~(8). Leto;; denote the radian measure distance from ¢
pointi to j, which can be estimated by

COSA 12— C0Y12
COSA13—COF13

Note that ), has two candidate values, one given by
. Sij ©) Eq. (16) (which should be plus:2f it is negative), one given
VTR by subtracting the value of Eq. (16) from When four or

_ more sensors’ data are available, there are many combina-
hereR is the mean radius of curvature of the network com- tions for calculating of the initial azimuths of arrival of a cho-
posed of sensor 1, 2 and 3, sen sensor #1. Although each combination gives two candi-

Co _ By+By+Bs date values oY, the difference between all truth-values is
T on BE—T——m—/— (20) very small. Thus the false-values can be eliminated. If only
1+e?cogB 3 three sensors are trigged by the lightning signal, the false-

According to the properties of arc lengths on a sphere, thezalues can be eliminated using azimuth-of-arrival measure-

R=

spherical law of cosines can be written as ment information. In some extreme cases, both of the calcu-
lated values oﬁgp are used in the subsequent computation
{ CO2p = COH12C0H1 p + SiNA12SiNG1 p COSP1 (11) and both the two final solutions are recorded.
COY3p = COH13C0Y p + SiNf13SiNd1 p COSP, Hence the initial valug?, is obtained; the initial value of

h _ Aoy — Let A.: denot geodesic distance from the lightning source position to the
where¢y = f1p— fr2 and ¢z = frp — fr3. Let A;j denote o0 oy sensor #1 can be calculated by
the radian measure range difference of a pair of sensors to

the location of the lightning source, defined by s, = R6P,, (17)

whereefp can be calculated from any one of the equations

Sip—Sip _c(tj—t)

Aij=—"=% 7 12 inEq. (14).

Finally, considering the property of spherical triangles, the
Now initial values of lightning source position and onset time can
O2p =01p + A12, 6O3p =61p + A1s. (13) be calculated by

- . . . BY, = arcsinsinB 0 ing? 0
Substituting Eg. (13) into Eqg. (11) yields two equations p = ArcsinsinBicosy;, +COSB1SINGy , COPy )

0 _ i1cingd aingd 0
in 61p and B1p which, after transposition and division by LOP _ L1+S%rCS|r(sm91PsmﬁlPsecBP) - (18)
sind1p, become tp =n—Sip/c

{ (COSA 12— COH12) COt; p = SINA 12+ SiNG12COSH1 14) 3.2 Least square solution

(COSA13—COH13) COt1 p = SINA13+SING13COSP2 Newton iteration method is frequently used for solving non-

Note thatg: and¢, can be expressed bh§ip. A forward  linear problems (Torrieri, 1984), which needs to linearize

tion below: atively (Chan and Ho, 1994). In this work, the unknown
lightning source position and onset time are determined by

A'sinB1p + B’ cosBip =C’, (15)  Egs. (1) and (2), which can be linearized by expanding the

Ann. Geophys., 28, 1981991, 2010 www.ann-geophys.net/28/1981/2010/
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right-hand side of Egs. (1) and (2) in a Taylor series and keepwhereW is the covariance matrix of the vector denoted by
ing only terms below second order. ¥,

Denote the errors of the initial values provided by the
explicit method above a8B = B — BS, L =L — L% and

8t =1—13. The approximate set of equations can be writtenThereforeWw ! is regarded as a matrix of weighting coef-

W =diagc?o?, ---,c202,032,-,02 2ux2n (29)

as ficients. In practical applications, the mati¥~! can be
replaced b
cti ~ctO+ 8% + 35S pS B + 0, i pSL + 5, @) P y
Wt =diagl, -, 1,c%02/03, -.c?0f /o3 1anx2n (30)
;i ~ B +3pBipS B+ LB pSL, (20)

assuming that the variances of time-of-arrival measurements
wherei = 1,2, ---,n, and the notations,,S; » andd,g;p are  areor =1ps, and variances of azimuth-of-arrival measure-
the partial derivatives of the geodesic distance and azimutfnents arer4 = /180 rad.
to w, respectively, witho = B, L. All of these derivatives are ~ Finally, an updated solution for the lightning source loca-
evaluated atB9,L%). Secant-type approximations of the tionand onsettime can be given by
derivatives may be used (Kohsak and Blakeslee, 2001), bu

; . ) B =B%+5B
P
we have derived exact representations for these derivatives, I — L(}, LS (31)
dpSip = MY COSBpi, (21) o= 1p+dr
9 S5 — N9cosBC singn: 29 This updated solution can also be used as new initial values
LSip =NpCOSBpSInfpi, (22) " torasecond iteration, but usually the results offered by only

. one or two iterations are good enough.

g Bip = MOSinBp; /S, (23) J J
0 0 0 3.3 Retrieval errors

dLBip =NpCOSBpCcOBp;/S;p, (24)

Let P denote the covariance matrix §f According to the
whereNJ is the radius of curvature in prime vertical at the statistical theory of the passive location (Torrieri, 1984), we
initial lightning source location, calculated by Eg. (7), thus gptain
N?, cong is the radius of curvature of the parallel circle;

andM% is the radius of curvature in meridian, P=ATWA)T (32)
M-8 (25 siso the covariance matrx of vectud, 117, and cah be
(1+¢?cog By)¥? rewritten as N
The equations defined by Egs. (19) and (20) can be rewritten ag OBl OB
as an equation system far= 2n row measurements: P=| oz 05 o | (33)
[ 9pS1p O.S1p C | _C(tl_tg)_sop_ OB: OLt Utz
dpSap AL S2p ¢ cltz—13)— S9p The diagonal elements & can give the variances of the er-
: Co : rors of lightning positions and on set time, and the error el-
aB:S'nP aLA.S'nP c B ety —19)— O, lipses of the estimated location of lightning sources can be

SL | = 26 .
dpP1p dLP1pP O 5 a1 — B2, (26)  inferred by
— B3 2 2
dpB2p drP2p O az—Bsp P M5og MpNpCcOSBpogy. (34
; Do : | MpNpcosBpog, N%cosBpof |
L Osbur O1bur O - _ﬂ»?P - whereMp andNp are the radius of curvature in meridian and

prime vertical at the estimated lightning source location, re-
spectively. Lengths of semi-major axis and semi-minor axis
are given by the eigenvalues of the maffix The root mean
square error (RMSE) of the source location estimator is

Denote the coefficient matrix &, the unknown vector as
and column vector on the right-hand sideya€q. (26) can
be expressed as

Ax =y. (27)
RMSE=/N3cog Bpo?+M2a2. (35)
This is an overdetermined linear system and the least square o
solution can be given by If only arrival time measurements are used for source loca-
tion, the matrix® and RMSE can be derived from Egs. (21),
£=ATw A taATW 1y, (28)  (22), (29) and (32). Given the fixed network configuration

www.ann-geophys.net/28/1981/2010/ Ann. Geophys., 28, 19841-2010
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of the proposed explicit method for determining the initial

position is investigated, and finally we present the estimated
accuracy of a regional network (Hubei) under the assump-
tion that all sensors participate in the calculation of lightning

sources’ positions. The computer generated time-of-arrival
and azimuth-of-arrival measurements are given by a high ac-
curacy expression (given later), and the retrieval algorithm

-0.08 -0.06 -0.04 -0.02

§ % uses the simplified geodesic distance and azimuth calculation
& forms Eq. (3)+(6). We have examined the algorithm under

g two retrieval scenarios: location with random measurement
g 20 | errors and error free. The former is used to evaluate the spa-

tial distribution of the location accuracy of the network and
the latter is used to show the best performance of the pro-
posed algorithm.

259 | 4.1 \Verification of the geodesic distance and azimuth
_ calculations
e 310 - 150 In order to verify the accuracy of the geodesic distance and

azimuth calculation, results of a high accuracy version of
forms derived by Zhao (1997) are used as references. This
Fig. 4. The spatial distribution of the geodesic distance calculatingigh accuracy version of forms is obtained by replacing
difference between Egs. (6) and (36) (in meter). The square is th&Eq.- (6) with

longitude(degrees)

beginning of each geodesic line. The difference is below in a large _ 1
(vellow) area. Sip = Nitip{1— énfwizp[1— N2y 2, —nt(L—4sirf B)16%
1, 2,2 Lo .3
. . . i +onitanBiyip (1—2n7 Y p — Z07p)6;

and uncertainty of time measurement, it's easy to find that 8" o PRIP g iR
the source location accuracy (retrieval error) is dependent on _i 213tarf B — A2, —Tn2u 2. (3tark B: — 2. ) 164
the azimuths of the geodesic line from the lightning source 120" [ i—Wip= Vi i—Vip)lip
location to each sensor, i.¢8p;. We have investigated how 2 1 1 5, 56

: NN ) S 2(—tar? B — —— /%) 36
different combinations of the azimutjig; will influence the i (5g5tanm Bi — gygVir)Oir ) (36)

source location accuracy. If all the azimuths are concen- 2 2
. . . . where n; denotese’2co€ B;, and ¥;p denotes cop for
trateq, say maoppi) .mm('.BP’) <30, .th's co_rresponds o brevity. Compared to Eq. (6), this expression retains many
the situation that the lightning source s out§|de and far aWayhigh order terms, thus the geodesic distance can be estimated
from the network, .thus the ret_neval error s very Iarge. l.f more accurately. Itis worth noting that the geodesic azimuths
the azimuths are dispersive, this corresponds to the S'tuatlonalculated by both methods are identical because only Eq. (6)

that the source is inside or near the network, thus the retrlevals changed. Their differences, geodesic distances calculated

error is small. This fact can be used to explain why the neces; v Eq. (36) minus those calculated by Eq. (6), are shown in

S."ty Of. surroupdedness for adequat.e accuracy applies t.o al ig. 4. The data are obtained by assuming that the lightning
lightning location networks that use timing alone for location

source locations are defined on a grid with (1E331° N) as
(Dowden et al., 2008). its center and a grid resolution of 0.2nd assuming a light-
ning detection sensor is located at the center of the grid. It
4 Algorithm performance can be inferred that the differences are less than 0.1 m in a

large area. Given that the uncertainty of the time measure-
In this section, simulation results are presented to test andnent of a lightning sensor is about 1 us, corresponding to a
verify the above algorithm. Because the Hainan lightningranging erroer ~ 300 m, the geodesic distance calculation
detection network is under installation, we chose the Hubeiis accurate enough for the total investigated area. But we rec-
lightning detection network as our test object. The networkommend the high accuracy expression (36), yet noniterative,
was installed in 1998 and is operated by the electric powelto be used in a broader lightning detection network such as
system. This network contains 9 lightning detection sen-WWLLN.
sors. The longitudes of these sensors range froni E10 To the authors’ knowledge, the noniterative method for
115 E, and latitudes range from 28! to 33> N, which will calculating geodesic distance and azimuth has not been used
be shown in later figures. First, the geodesic distance andor lightning location except Sodano’s forms. Koshak et
azimuth calculation methods are verified, then the accuracyl. has verified Sodano’s forms using the numerical method

Ann. Geophys., 28, 1981991, 2010 www.ann-geophys.net/28/1981/2010/
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Fig. 5. Same as in Fig. 4 except for the geodesic distance differ-Fig. 6. Same as in Fig. 4 except for the geodesic azimuth difference
ence between the results obtained by Eq. (36) and forms derived b¥in arc sec). At the four corner of the map, the azimuth difference
Sodano (in meter). There difference is below 1 cm in a large (blue)oecomes large. Consider that the investigated map covers a large

area. area, the azimuth calculating is accuracy enough for lightning loca-
tion.

(Koshak and Blakeslee, 2001, Appendix) and asserted that

onecan qalculate the geodesic distance using Sodano’s forms%rs and the upper sensor is used as sensor #1. This small
with centimeter accuracy. We have also compared Sodano Retwork is a part of the Hubei lightning detection network.

solution to our high accuracy expression (36), and the result%.he data are obtained by calculating 500 times the initial po-
are shown in Figs. 5 and 6. Note that the discrepancies be-

i the t thod trivial f tofthei taat dsition of the fictitious lightning sources on a grid with reso-
een the two methods are trivial for most ot the investigated, ;. , of 0.2, and then the mean distance is computed as the
area. The difference of the geodesic distance calculated b

¥rror of the initial position. For each of the 500 trials, an ar-
the two methods is below several centimeters all over the in- P .

: ) . . rival time error selected from a uniform random distribution
vestigated area. And the difference of the geodesic az'mu”Eranging from—+/3 s tov/3 s for Fig. 7b, but error free for
is below several arc sec, as shown in Fig. 6. Therefore, it i :

) A ; _Fig. 7a) is added. The elliptical area that gradually becomes
plausible that the geodesic distance and azimuth calculatmgarge (error increasing from several tens of meters to several
methOd are accu_rate epough for Iightning Io_cation appliC""'kilometers) in Fig. 7a is due to the effect of the oblateness of
tion. For more discussion of the geodesic distance and azg,q g4 syrface. Thus the sensor which receives the light-
imuth calculation, the reader is referred to Rapp (1993). iy signal first (has the earliest time of arrival) should be
regarded as sensor #1. It can be inferred from Fig. 7b that an

initial position of the lightning source can be calculated with

Itis important to know how accurately the initial position and €'Tor below several kilometers when the source is not along
time can be calculated by the explicit method proposed in thdhe outer sensor baseline or far away from the network. And
above section. An initial position close to the true source’sthe largest error occurs in Fig. 7b when the lightning source
position is essential for the next least square solution. BelS along the outer sensor baseline, which is caused by the
cause of the oblateness of the Earth, the spherical law ofiming error and amplified by the fact that the source is not
cosines (Eqg. 11) represents an approximate relationship oturrounded by the sensors.

the variables; thus the explicit initial position must contain  If more sensors are triggered by the lightning signal, many
some error. The other factors causing the initial position tocombinations of three sensors can be used (é:é; 20
depart from the true source’s position are the random timingcombinations for five sensors). The best combination can be
errors. Figure 7 is the spatial distribution of the mean dis-chosen to avoid the situation that the lightning source is along
tances from the calculated initial position to the true source’sor near the outer sensor baseline. The principle of select-
location. The black square is the sites of three selected sering the best combination is that the azimuths of the geodesic

4.2 Error of the initial value

www.ann-geophys.net/28/1981/2010/ Ann. Geophys., 28, 18841-2010
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(b) 36 ; ; ; T Fig. 8. The simple unit circle model for choosing the best combi-
S
/_,\A//J nation of three sensors? is the lightning location, an@ denotes
50 azimuth. Number 1, 2, and 3 is the projection of sensor #1, #2, and
aal #3 on the unit circle, respectively.
i x “\ the beginning, any proper initial position can be used as a
— o ! replacement.
E -
o0
3 10 5 4.3 Network location accuracy
8 30
E 20 \»- ,\ " - .
= The accuracy of the initial values is degraded because of the
50 Earth oblateness and the discarding of useful measurements
28} (only three sensors’ time-of-arrival data are used). Thus the
least square iterations can give updated solutions over the
: initial values. Figure 9 is the improved accuracy of the least
- S . square solutions when no measurement error is added into
108 110 112 114 116 18 the computer generated data. The retrieval error is below
longitude(degrees) one meter in most of the investigated area, which proves the

excellent precision of the proposed algorithm. And Fig. 10

is the accuracy distribution when random measurement error
; I . (time error is the same as Fig. 7b, and azimuth measurement

sensor is used as sensor £d). No random timing error is added to . .

each sensoi(b) An arrival time error is added to each sensor, this error IS range from-+/3 degree to/3 degree) is added. In

error follows uniform random distribution (ranging from/3psto  F19- 9 and Fig. 10a, only the time of arrival measurement is
V3 us). used for the lightning source retrieval. But in Fig. 10b, both

TOA and AOA measurements are used in the calculation. A

comparison of Fig. 10a and Fig. 10b shows the improvement
line from the lightning source to each sensor should have th&f the accuracy after the fusion of AOA information, which
maximal range, i.e., disperse to the greatest extent. We havé remarkable over the two “heads” of the network where the
derived a simple model for choosing the best combination retrieval error in Fig. 10a is very large. But the improvement
As shown in Fig. 8, each azimuth defines a unit vector di-is not so obvious elsewhere when the source can be located
rected from the source to the sensor position, and a triangl&vith a small error.
is defined by the ends of the three vectors. Each combination Finally, we have computed the RMSE of CG lightning lo-
is considered using this model and the best one is chosen ifation using Eq. (35). The results are shown in Fig. 11, which
the corresponding triangle has the largest area. It should bis similar to Fig. 10. The difference is that the results (con-
noted that although the exact source location is unknown atour lines) derived from the covariance matrix are smoother

Fig. 7. Spatial distribution of mean distance from the calculated ini-
tial position to the true source’s position (in kilometers), the upper

Ann. Geophys., 28, 1981991, 2010 www.ann-geophys.net/28/1981/2010/



Z. X. Hu et al.: A source location algorithm of lightning detection networks in China 1989

" i e~ @) %
cj 5

34 \ ! ] 1

sof 321
%’? n

[}

B B
3 <
T w0 3 00§
E £
£ g

2s 28

26 ' : '
2?‘08 VL?Q‘I-L(A) ‘]‘IIZ 114 1"16 118 108 1o i iy e "
. longitude(degrees)
longitude(degrees) (b) 36 T :

Fig. 9. The spatial distribution of the improved accuracy of the least
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the investigated region.
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than the simulated results. The coarse lines in Fig. 10 may
be due to numerical error or nonrandomized characteristics
of the computer generated data. All of the simulations have
shown that the lightning location error is small in the periph-
ery of the network (below 1000 m) and increases when the
source is outside the network, especially along the outer sen:
sor baseline. Thus the lightning location accuracy is affected 28
by not only the measurements’ accuracy, but also by the rel-
ative position between the source and the sensors.

w
o
T

latitude (degrees)
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5 Conclusions longitude(degrees)

An efficient algorithm for CG lightning source location is 9 10- Same as Fig. 7, except for the improved accuracy of the
least square positions (in kilometel(g) lightning source location

pre;enteq In th's paper. Th's algorlthm has.been used in mané(sing TOA measurement onlgh) lightning source location using
regional lightning detection networks in China. We have ver- yih Toa and AOA measurements.

ified the geodesic distance and azimuth calculation method,

which is an important part of the proposed algorithm. And

the explicit initial position calculation method is evaluated by for the effects of the oblateness of the Earth. When random
computer generated data. A simple unit circle model is usedneasurement errors are added to the simulations, a spatial
to select the best combination of three sensors for calculatinglistribution of the lightning source location accuracy is plot-
the best initial position. In addition, the least square solutionted. In the future, the location accuracy of lightning events
is tested using the Hubei lightning detection network. All reported by this network can be evaluated by the presented
of the simulations are performed using computer generatedimulated contour map. Also, the location accuracy may
data, with or without measurement errors. When measurebe rapidly evaluated by the covariance matrix presented in
ment errors do not exist, the lightning source retrieval errorSect. 3.

is only affected by the error of the geodesic distance and az- The authors intend to apply the proposed algorithm in
imuth calculation, therefore the retrieval error is favorably other lightning detection networks in the future. Given
small. This is because the proposed algorithm has accounteiiime, improvement of the accuracy of TOA and AOA

www.ann-geophys.net/28/1981/2010/ Ann. Geophys., 28, 19841-2010
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