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[1] A major limitation in accuracy in modern satellite laser
ranging is the modeling of atmospheric refraction. Recent
improvements in this area include the development of
mapping functions to project the atmospheric delay
experienced in the zenith direction to a given elevation
angle. In this paper, we derive zenith delay models from
revised equations for the computation of the refractive
index of the atmosphere, valid for a wide spectrum of
optical wavelengths. The zenith total delay predicted
with these models were tested against ray tracing through
radiosonde data from a full year of data, for 180 stations
distributed worldwide, and showed sub-millimeter
accuracy for wavelengths ranging from 0.355 mm to
1.064 mm. INDEX TERMS: 1243 Geodesy and Gravity:
Space geodetic surveys; 1294 Geodesy and Gravity: Instruments
and techniques; 6904 Radio Science: Atmospheric propagation.
Citation: Mendes, V. B., and E. C. Pavlis (2004), High-accuracy
zenith delay prediction at optical wavelengths, Geophys. Res.
Lett., 31, L14602, doi:10.1029/2004GL020308.

1. Introduction

[2] The accuracy of satellite laser ranging (SLR) is
greatly affected by the residual errors in modeling the effect
of signal propagation through the troposphere and strato-
sphere. Although several models for atmospheric correction
have been developed, the more traditional approach in SLR
data analysis uses a model developed in the 1970s [Marini
and Murray, 1973] (the correction of the atmospheric delay
using two-color ranging systems is still at an experimental
stage). A recent study [Mendes et al., 2002] points out some
limitations in that model, namely as regards the modeling of
the elevation dependency of the zenith atmospheric delay
(the mapping function (MF) component of the model). The
MFs developed by Mendes et al. [2002] represent a signif-
icant improvement over the MF built-in in the Marini-
Murray model and other known MFs. Of particular interest
is the ability of the new MFs to be used in combination
with any zenith delay (ZD) model, used to predict the
atmospheric delay in the zenith direction. The next logical
step is the development of more accurate ZD models
applicable to the range of wavelengths used in modern
SLR instrumentation.

2. Group Refractivity

[3] The atmospheric propagation delay experienced by a
laser signal in the zenith direction is defined as

dzatm ¼ 10"6

Z

ra

rs

Ndz ¼
Z

ra

rs

n" 1ð Þdz; ð1Þ

or, if we split the ZD into a hydrostatic (dh
z) and a non-

hydrostatic (dnh
z ) components,

dzatm ¼ dzh þ dznh ¼ 10"6

Z

ra

rs

Nhdzþ 10"6

Z

ra

rs

Nnhdz; ð2Þ

where N = (n " 1) & 106 is the (total) group refractivity of
moist air, n is the (total) refractive index of moist air, Nh and
Nnh are the hydrostatic and the non-hydrostatic components
of the refractivity, rs is the geocentric radius of the laser
station, ra is the geocentric radius of the top of the (neutral)
atmosphere, and dz has length units.
[4] Following the recommendations of the International

Association of Geodesy (IAG) [International Union of
Geodesy and Geophysics (IUGG), 1999] the group refrac-
tivity for visible and near-infrared waves should be com-
puted using the procedures described by Ciddor [1996] and
Ciddor and Hill [1999]. The formula for the computation of
the refractivity is [Ciddor, 1996]:

N ¼ ra
raxs

! "

Ngaxs þ
rw
rws

! "

Ngws; ð3Þ

where ra is the density of dry air component for actual
conditions (kg m"3), rw is the density of water vapor (WV)
component for actual conditions (kg m"3), raxs is the
density of (standard) dry air at 15!C, 101325 Pa, and xw = 0
(where xw = e/P is the molar fraction of WV in moist air
(unitless), e is the WV pressure of moist air (Pa), and P is
the total pressure (Pa)), and rws is the density of (standard)
pure WV at 20!C, 1333 Pa, and xw = 1.
[5] The group refractive index for the dry air component

(unitless), Ngaxs, is given by [Ciddor, 1996]:

Ngaxs ¼ 10"2 k1
k0 þ s2ð Þ
k0 " s2ð Þ2

þ k3
k2 þ s2ð Þ
k2 " s2ð Þ2

" #

CCO2
; ð4Þ
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[17] The zenith hydrostatic delay is thus:

dzh ¼ 10"6KL
1
fh lð ÞZdRd

Z

ra

rs

rdz ð21Þ

[18] Using the hydrostatic equation, we get

Z

ra

rs

rdz ¼ "
Z

0

Ps

dP

g
¼ Ps

gm
; ð22Þ

where Ps is the surface barometric pressure (Pa), and gm is
the acceleration due to gravity at the center of mass of the
vertical column of air (m s"2) [Saastamoinen, 1973],

gm ¼ 9:784 f j;Hð Þ; ð23Þ

f j;Hð Þ ¼ 1" 0:00266 cos 2j" 0:00028H ; ð24Þ

j is the latitude of the station, and H is the height of the
station, in km. Replacing equation (22) into equation (21)
leads to

dzh ¼ 10"6KL
1
fh lð ÞZdRd

Ps

gm
: ð25Þ

Replacing the known constants, we get the final expression
for the zenith hydrostatic delay, in meter units,

dzh ¼ 0:00002416579
fh lð Þ

f j;Hð ÞPs: ð26Þ

4. Zenith Non-Hydrostatic Delay

[19] The first non-hydrostatic component of the group
refractivity, Nnh1, arises from the second term of the right
hand-side of equation (16):

Nnh1 ¼ "Ngaxs
Td
Pd

! "

Zd
Z

! "

e

T

# $

e ð27Þ

or, following the previous development,

Nnh1 ¼ "K1
Lefh lð Þ Zd

Z

! "

e

T

# $

: ð28Þ

The second non-hydrostatic component is given as:

Nnh2 ¼ Ngws
rw
rws

! "

; ð29Þ

and

rw
rws

¼ Tw
Pw

! "

Zw
Z

! "

e

T

# $

: ð30Þ

[20] For l = 0.532 mm we get Ngws
532 % 3.2956, hence

Nnh2 ¼ 3:2956 fnh lð Þ Tw
Pw

! "

Zw
Z

! "

e

T

# $

; ð31Þ

where the dispersion formula for the non-hydrostatic
component is

fnh lð Þ ¼ 0:003101 w0 þ 3w1s2 þ 5w2s4 þ 7w3s6
% &

ð32Þ

that is,

Nnh2 ¼ KL
2 fnh lð Þ Zw

Z

! "

e

T

# $

; ð33Þ

with K2
L = 0.7247600 K Pa"1.

[21] The non-hydrostatic component of group refractivity
is therefore computed from the contribution arising from
equation (28) and equation (33):

Nnh ¼ "KL
1 e fh lð Þ Zd

Z

! "

e

T

# $

þ KL
2 fnh lð Þ Zw

Z

! "

e

T

# $

: ð34Þ

[22] As the ratio between compressibility factors can be
safely ignored, the zenith non-hydrostatic delay is thus:

dznh ¼ 10"6 KL
2 fnh lð Þ " KL

1 efh lð Þ
% &

Z ra

rs

e

T
dz: ð35Þ

[23] For the computation of the integral in equation (35),
we can use the following approximation [Saastamoinen,
1973]:

Z

ra

rs

e

T
dz

:¼ Rd

ngm
es; ð36Þ

where n is a numerical coefficient to be determined from
local observations (average value n = 4) and es is the surface
water vapor pressure (the coefficient n is highly variable in
space and time and should be chosen to fit the location and
season, for maximum accuracy in the determination of the
non-hydrostatic component). As a result, we have

dznh ¼ 10"6 KL
2 fnh lð Þ " KL

1 efh lð Þ
% & Rd

ngm
es; ð37Þ

or, after replacing for the known constants, we get the
expression for the zenith non-hydrostatic delay:

dznh ¼ 10"6 5:316fnh lð Þ " 3:759fh lð Þð Þ es
f j;Hð Þ : ð38Þ

5. Experimental Validation

[24] In order to assess the performance of the derived ZD
models, we performed a comparison against ray tracing of
radiosonde data, for 180 stations [see Mendes et al., 2002]
with typically two balloon launches per day, a full year of
data (1998), and for the most used wavelengths in SLR:
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[17] The zenith hydrostatic delay is thus:

dzh ¼ 10"6KL
1
fh lð ÞZdRd

Z

ra

rs

rdz ð21Þ

[18] Using the hydrostatic equation, we get

Z

ra
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rdz ¼ "
Z

0

Ps

dP

g
¼ Ps

gm
; ð22Þ

where Ps is the surface barometric pressure (Pa), and gm is
the acceleration due to gravity at the center of mass of the
vertical column of air (m s"2) [Saastamoinen, 1973],

gm ¼ 9:784 f j;Hð Þ; ð23Þ

f j;Hð Þ ¼ 1" 0:00266 cos 2j" 0:00028H ; ð24Þ

j is the latitude of the station, and H is the height of the
station, in km. Replacing equation (22) into equation (21)
leads to

dzh ¼ 10"6KL
1
fh lð ÞZdRd

Ps

gm
: ð25Þ

Replacing the known constants, we get the final expression
for the zenith hydrostatic delay, in meter units,

dzh ¼ 0:00002416579
fh lð Þ

f j;Hð ÞPs: ð26Þ

4. Zenith Non-Hydrostatic Delay

[19] The first non-hydrostatic component of the group
refractivity, Nnh1, arises from the second term of the right
hand-side of equation (16):

Nnh1 ¼ "Ngaxs
Td
Pd
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Z
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e

T

# $

e ð27Þ

or, following the previous development,

Nnh1 ¼ "K1
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T
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The second non-hydrostatic component is given as:
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and
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# $
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[20] For l = 0.532 mm we get Ngws
532 % 3.2956, hence

Nnh2 ¼ 3:2956 fnh lð Þ Tw
Pw

! "

Zw
Z

! "

e

T

# $

; ð31Þ

where the dispersion formula for the non-hydrostatic
component is

fnh lð Þ ¼ 0:003101 w0 þ 3w1s2 þ 5w2s4 þ 7w3s6
% &

ð32Þ

that is,

Nnh2 ¼ KL
2 fnh lð Þ Zw

Z

! "

e

T

# $

; ð33Þ

with K2
L = 0.7247600 K Pa"1.

[21] The non-hydrostatic component of group refractivity
is therefore computed from the contribution arising from
equation (28) and equation (33):

Nnh ¼ "KL
1 e fh lð Þ Zd

Z

! "

e

T

# $
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2 fnh lð Þ Zw
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[22] As the ratio between compressibility factors can be
safely ignored, the zenith non-hydrostatic delay is thus:

dznh ¼ 10"6 KL
2 fnh lð Þ " KL

1 efh lð Þ
% &

Z ra
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e

T
dz: ð35Þ

[23] For the computation of the integral in equation (35),
we can use the following approximation [Saastamoinen,
1973]:

Z
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e

T
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:¼ Rd

ngm
es; ð36Þ

where n is a numerical coefficient to be determined from
local observations (average value n = 4) and es is the surface
water vapor pressure (the coefficient n is highly variable in
space and time and should be chosen to fit the location and
season, for maximum accuracy in the determination of the
non-hydrostatic component). As a result, we have

dznh ¼ 10"6 KL
2 fnh lð Þ " KL

1 efh lð Þ
% & Rd

ngm
es; ð37Þ

or, after replacing for the known constants, we get the
expression for the zenith non-hydrostatic delay:

dznh ¼ 10"6 5:316fnh lð Þ " 3:759fh lð Þð Þ es
f j;Hð Þ : ð38Þ

5. Experimental Validation

[24] In order to assess the performance of the derived ZD
models, we performed a comparison against ray tracing of
radiosonde data, for 180 stations [see Mendes et al., 2002]
with typically two balloon launches per day, a full year of
data (1998), and for the most used wavelengths in SLR:
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Zenith delay Mapping function

[8] Saastamoinen [1973] also developed a full model, which
allows easy separation of the ZD model and MF, but again is only
valid for elevation angles above 10!.
[9] More recently, Yan and Wang [1999] presented a new MF

based on the expansion of the complementary error function.

3. Mapping Function Development

[10] The functional model of our new MFs is based on a
truncated form of the continued fraction in terms of 1/sin(e)
[Marini, 1972], normalized to unity at the zenith:

m eð Þ ¼
1þ a1

1þ a2
1þa3

sin eþ a1
sin eþ a2

sin eþa3

: ð4Þ

[11] Such a functional model has already been used as the basis
of mapping functions for radio wavelengths with acknowledged
success (e.g. Niell [1996]).

[12] The development of the new functions is based on ray
tracing (for details on this procedure see, e.g., Mendes [1999])
through one full year (1999) of radiosonde data from 180 stations,
globally distributed, with a variable number of balloon launches
per day. For one of the stations (Diego Garcia, British Indian
Ocean Territory) we have used data from 1998, due to lack of data
in 1999. The radiosonde data consists of height profiles of
pressure, temperature and relative humidity. The heights for all
levels were calculated from reported temperature and pressure
using the hypsometric equation [Dutton, 1986]. As recommended
by the International Association of Geodesy [IUGG, 1999], the
group refractivity was computed using the procedures described in
Ciddor [1996] and Ciddor and Hill [1999].
[13] The ray tracing procedure was performed at 22 elevation

angles (3!, 4!, 5!, 6!, 8!, 10!, and every 5! thereafter), and tuned
for the most-used SLR wavelength (l = 532 nm). For each
radiosonde launch we have determined (in a least-squares sense)
the coefficients ai (i = 1, 2, 3) in equation (4). All coefficients
deviating significantly from the average (using a 4-sigma thresh-
old) were considered outliers and removed, resulting in acceptance
of a total of 87,766 sets of coefficients. After a preliminary analysis
of the dependence of the coefficients on the different site locations
and meteorological data, we adopted two different parameterisa-
tions and the coefficients in equation (4) were subsequently written
as functions of the selected parameters.
[14] One parameterisation of the MF (FCULa) requires both

site location and meteorological (surface temperature) data; the
coefficients of the MF have the following mathematical formula-
tion:

ai ¼ ai0 þ ai1ts þ ai2 cosjþ ai3H ; i ¼ 1; 2; 3ð Þ ð5Þ

where ts is the temperature at the station in Celsius degrees, j is the
station latitude, and H is the orthometric height of the station, in
metres.
[15] The second MF (FCULb) does not depend on any mete-

orological data and follows the reasoning behind the model
developed by Niell [1996] for radio wavelengths. For this function,
the coefficients have the following form:

ai ¼ ai0 þ ai1 þ ai2j2
d

! "

cos
2p

365:25
doy% 28ð Þ

# $

þai3H þ ai4cosj; i ¼ 1; 2; 3ð Þ ð6Þ

where jd is the latitude of the station, in degrees, and doy is the
decimal day of year (UTC days since the beginning of the year).
We have adopted the value of the phase of 28 days obtained by
Niell [1996], but in our approach simple functions replace the
interpolation schemes for day of year and latitude used by Niell.
The different coefficients for these functions are listed in Table 1.
[16] The advantages of the new MFs are obvious. They repre-

sent simpler expressions than those used by the Marini-Murray
model and allow the use of better ZD models; their parameter-
isation depends on a readily available meteorological parameter
value (the surface temperature at the site) and site location

Table 1. Coefficients (aij) for FCULa and FCULb MFs (see
Equations (5) and (6))

aij FCULa FCULb

a10 (12100.8 ± 1.9) & 10%7 (11613.1 ± 1.6) & 10%7

a11 (1729.5 ± 4.3) & 10%9 (%933.8 ± 9.7) & 10%8

a12 (319.1 ± 3.1) & 10%7 (%595.8 ± 4.1) & 10%11

a13 (%1847.8 ± 6.5) & 10%11 (%2462.7 ± 6.8) & 10%11

a14 (1286.4 ± 2.2) & 10%7

a20 (30496.5 ± 6.6) & 10%7 (29815.1 ± 4.5) & 10%7

a21 (234.6 ± 1.5) & 10%8 (%56.9 ± 2.7) & 10%7

a22 (%103.5 ± 1.1) & 10%6 (%165.5 ± 1.1) & 10%10

a23 (%185.6 ± 2.2) & 10%10 (%272.5 ± 1.9) & 10%10

a24 (302.0 ± 5.9) & 10%7

a30 (6877.7 ± 1.2) & 10%5 (68183.9 ± 9.1) & 10%6

a31 (197.2 ± 2.8) & 10%7 (93.5 ± 5.4) & 10%6

a32 (%345.8 ± 2.0) & 10%5 (%239.4 ± 2.3) & 10%9

a33 (106.0 ± 4.2) & 10%9 (30.4 ± 3.8) & 10%9

a34 (%230.8 ± 1.2) & 10%5

Table 2. Statistics for Mapping Functions and Full Refraction
Models (in Bold)

e (!) Model
mean
(cm)

std
(cm)

r.m.s.
(cm)

max
(cm)

M-M 0.76 0.26 0.80 1.26
FCULa %0.03 0.14 0.14 0.32
FCULb %0.03 0.16 0.16 0.35

15! FCULz 0.46 0.23 0.51 0.90
SAAS %0.01 0.63 0.63 1.69
Y-W %1.09 0.38 1.16 1.74
M-M 0.93 0.61 1.11 2.11
FCULa %0.03 0.44 0.44 0.93
FCULb %0.02 0.49 0.49 1.03

10! FCULz 0.66 0.48 0.82 1.53
SAAS %0.48 2.03 2.08 5.83
Y-W %1.06 1.06 1.50 2.94
M-M %7.13 2.20 7.37 9.83
FCULa 0.10 1.59 1.60 3.06
FCULb 0.13 1.82 1.84 3.60

6! FCULz 1.06 1.61 1.92 4.15
SAAS – – – –
Y-W 0.37 3.52 3.54 9.66

Table 3. Statistics for the Marini-Murray and Saastamoinen ZD
Models (Total Zenith Delay)

e (!) Model
mean
(cm)

std
(cm)

r.m.s.
(cm)

max
(cm)

90! M-M 1.19 0.58 1.33 2.00
90! SAAS 1.18 0.56 1.30 2.04
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[1] We present two new mapping functions (MFs) to model the
elevation angle dependence of the atmospheric delay for satellite
laser ranging (SLR) data analysis. The new MFs were derived from
ray tracing through a set of data from 180 radiosonde stations
globally distributed, for the year 1999, and are valid for elevation
angles above 3!. When compared against ray tracing of two
independent years of radiosonde data (1997–1998) for the same set
of stations, our MFs reveal submillimetre accuracy for elevation
angles above 10!, representing a significant improvement over
other MFs, and is confirmed in improved solutions of LAGEOS and
LAGEOS 2 data analysis. INDEX TERMS: 1243 Geodesy and
Gravity: Space geodetic surveys; 6904 Radio Science: Atmospheric
propagation; 1294 Geodesy and Gravity: Instruments and
techniques

1. Introduction

[2] The main accuracy-limiting factor in modern space geodetic
techniques, such as the Global Positioning System (GPS), very
long baseline interferometry (VLBI), and satellite laser ranging
(SLR), is atmospheric refraction.
[3] The atmospheric refraction modeling at radio wavelengths

has improved significantly in the last decade and high accuracy
models and data processing strategies are available (see Mendes
[1999] for a review). Such progress contrasts sharply with the
situation at optical wavelengths, where most data analysis is still
being performed with the Marini-Murray refraction model [Marini
and Murray, 1973], developed in the early 1970s. Better atmos-
pheric refraction modeling is of great importance in reducing the
error budget in SLR measurements in high-precision geodetic and
geophysical applications, such as the study of spatial and temporal
variations in the Earth’s gravity field, the monitoring of vertical
crustal motion, and the prospect of a more robust combination of
solutions from different space techniques.

2. Atmospheric Refraction

[4] For modeling purposes, the atmospheric refraction can be
explicitly written as the contribution of a hydrostatic and a wet
component, each one consisting of the product of the delay
experienced in the zenith direction and a mapping function (MF)
that models the elevation angle dependence of atmospheric refrac-
tion (e.g. Mendes [1999]):

datm ¼ dzh " mh eð Þ þ dzw " mw eð Þ; ð1Þ

where datm is the atmospheric refraction at a given (unrefracted)
elevation angle e, dh

z and dw
z are the hydrostatic and wet zenith

delays (ZDs), and mh(e) and mw(e) are the hydrostatic and wet
MFs, respectively.
[5] Due to the small contribution of water vapor to atmospheric

refraction at visible wavelengths, we can consider a single MF for
SLR. In this case, we have:

datm ¼ d z
atm " m eð Þ; ð2Þ

where datm
z is the total zenith propagation delay and m(e) the (total)

MF.
[6] The one-way propagation delay experienced by a laser

signal in the zenith direction is defined as

dzatm ¼ 10&6

Z ra

rs

N dz; ð3Þ

where N is the group refractivity, rs is the geocentric radius of the
laser station, ra is the geocentric radius of the top of the neutral
atmosphere, and dz has length units.
[7] Marini and Murray [1973] developed a full model for

atmospheric refraction modeling that is currently recommended
by the International Earth Rotation Service Conventions [McCar-
thy, 1996]. For this model, valid for elevation angles greater than
10!, there is no clear separation between the ZD and the MF.
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[8] Saastamoinen [1973] also developed a full model, which
allows easy separation of the ZD model and MF, but again is only
valid for elevation angles above 10!.
[9] More recently, Yan and Wang [1999] presented a new MF

based on the expansion of the complementary error function.

3. Mapping Function Development

[10] The functional model of our new MFs is based on a
truncated form of the continued fraction in terms of 1/sin(e)
[Marini, 1972], normalized to unity at the zenith:

m eð Þ ¼
1þ a1

1þ a2
1þa3

sin eþ a1
sin eþ a2

sin eþa3

: ð4Þ

[11] Such a functional model has already been used as the basis
of mapping functions for radio wavelengths with acknowledged
success (e.g. Niell [1996]).

[12] The development of the new functions is based on ray
tracing (for details on this procedure see, e.g., Mendes [1999])
through one full year (1999) of radiosonde data from 180 stations,
globally distributed, with a variable number of balloon launches
per day. For one of the stations (Diego Garcia, British Indian
Ocean Territory) we have used data from 1998, due to lack of data
in 1999. The radiosonde data consists of height profiles of
pressure, temperature and relative humidity. The heights for all
levels were calculated from reported temperature and pressure
using the hypsometric equation [Dutton, 1986]. As recommended
by the International Association of Geodesy [IUGG, 1999], the
group refractivity was computed using the procedures described in
Ciddor [1996] and Ciddor and Hill [1999].
[13] The ray tracing procedure was performed at 22 elevation

angles (3!, 4!, 5!, 6!, 8!, 10!, and every 5! thereafter), and tuned
for the most-used SLR wavelength (l = 532 nm). For each
radiosonde launch we have determined (in a least-squares sense)
the coefficients ai (i = 1, 2, 3) in equation (4). All coefficients
deviating significantly from the average (using a 4-sigma thresh-
old) were considered outliers and removed, resulting in acceptance
of a total of 87,766 sets of coefficients. After a preliminary analysis
of the dependence of the coefficients on the different site locations
and meteorological data, we adopted two different parameterisa-
tions and the coefficients in equation (4) were subsequently written
as functions of the selected parameters.
[14] One parameterisation of the MF (FCULa) requires both

site location and meteorological (surface temperature) data; the
coefficients of the MF have the following mathematical formula-
tion:

ai ¼ ai0 þ ai1ts þ ai2 cosjþ ai3H ; i ¼ 1; 2; 3ð Þ ð5Þ

where ts is the temperature at the station in Celsius degrees, j is the
station latitude, and H is the orthometric height of the station, in
metres.
[15] The second MF (FCULb) does not depend on any mete-

orological data and follows the reasoning behind the model
developed by Niell [1996] for radio wavelengths. For this function,
the coefficients have the following form:

ai ¼ ai0 þ ai1 þ ai2j2
d

! "

cos
2p

365:25
doy% 28ð Þ

# $

þai3H þ ai4cosj; i ¼ 1; 2; 3ð Þ ð6Þ

where jd is the latitude of the station, in degrees, and doy is the
decimal day of year (UTC days since the beginning of the year).
We have adopted the value of the phase of 28 days obtained by
Niell [1996], but in our approach simple functions replace the
interpolation schemes for day of year and latitude used by Niell.
The different coefficients for these functions are listed in Table 1.
[16] The advantages of the new MFs are obvious. They repre-

sent simpler expressions than those used by the Marini-Murray
model and allow the use of better ZD models; their parameter-
isation depends on a readily available meteorological parameter
value (the surface temperature at the site) and site location

Table 1. Coefficients (aij) for FCULa and FCULb MFs (see
Equations (5) and (6))

aij FCULa FCULb

a10 (12100.8 ± 1.9) & 10%7 (11613.1 ± 1.6) & 10%7

a11 (1729.5 ± 4.3) & 10%9 (%933.8 ± 9.7) & 10%8

a12 (319.1 ± 3.1) & 10%7 (%595.8 ± 4.1) & 10%11

a13 (%1847.8 ± 6.5) & 10%11 (%2462.7 ± 6.8) & 10%11

a14 (1286.4 ± 2.2) & 10%7

a20 (30496.5 ± 6.6) & 10%7 (29815.1 ± 4.5) & 10%7

a21 (234.6 ± 1.5) & 10%8 (%56.9 ± 2.7) & 10%7

a22 (%103.5 ± 1.1) & 10%6 (%165.5 ± 1.1) & 10%10

a23 (%185.6 ± 2.2) & 10%10 (%272.5 ± 1.9) & 10%10

a24 (302.0 ± 5.9) & 10%7

a30 (6877.7 ± 1.2) & 10%5 (68183.9 ± 9.1) & 10%6

a31 (197.2 ± 2.8) & 10%7 (93.5 ± 5.4) & 10%6

a32 (%345.8 ± 2.0) & 10%5 (%239.4 ± 2.3) & 10%9

a33 (106.0 ± 4.2) & 10%9 (30.4 ± 3.8) & 10%9

a34 (%230.8 ± 1.2) & 10%5

Table 2. Statistics for Mapping Functions and Full Refraction
Models (in Bold)

e (!) Model
mean
(cm)

std
(cm)

r.m.s.
(cm)

max
(cm)

M-M 0.76 0.26 0.80 1.26
FCULa %0.03 0.14 0.14 0.32
FCULb %0.03 0.16 0.16 0.35

15! FCULz 0.46 0.23 0.51 0.90
SAAS %0.01 0.63 0.63 1.69
Y-W %1.09 0.38 1.16 1.74
M-M 0.93 0.61 1.11 2.11
FCULa %0.03 0.44 0.44 0.93
FCULb %0.02 0.49 0.49 1.03

10! FCULz 0.66 0.48 0.82 1.53
SAAS %0.48 2.03 2.08 5.83
Y-W %1.06 1.06 1.50 2.94
M-M %7.13 2.20 7.37 9.83
FCULa 0.10 1.59 1.60 3.06
FCULb 0.13 1.82 1.84 3.60

6! FCULz 1.06 1.61 1.92 4.15
SAAS – – – –
Y-W 0.37 3.52 3.54 9.66

Table 3. Statistics for the Marini-Murray and Saastamoinen ZD
Models (Total Zenith Delay)

e (!) Model
mean
(cm)

std
(cm)

r.m.s.
(cm)

max
(cm)

90! M-M 1.19 0.58 1.33 2.00
90! SAAS 1.18 0.56 1.30 2.04
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Total atmospheric delay
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Unmodeled effects
• Spherically symmetric atmosphere 

• no contribution from horizontal gradients around station 

• Horizontal gradients depend primarily on Temperature : 

‣ mountains => large horizontal pressure gradients 

‣ local topography like, large water bodies, vegetative 
cover => refractivity gradients 

‣ seasonal fluctuations => mesoscale variations, 
temperature gradients
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Consequence
• Systematic errors in estimated vertical and 

horizontal station coordinates 

• affects accuracy of scale and origin of ITRF 

• ranging at lower elevations helps to decorrelate 
system errors in the ranging system and station 
height. 

G.C. Hulley and E.C Pavlis, 2007
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Proposed model
• G.C. Hulley and E.C Pavlis : A ray-tracing technique for 

improving SLR atmospheric delay corrections, including 
the effects of horizontal refractivity gradients, 2007 

• IERS 2010: “expected that this approach will be the new 
standard for SLR and LLR data reductions” 

gradient delay is estimated from the first-order term in
equation (8). The delay contribution from the higher-order
terms is negligible, and we have calculated values at the
10!5-mm level at 10! elevation.
[11] The refractivity in terms of the Earth-centered spher-

ical coordinates, using only the first two terms in equation (8),
can then be expressed as [Chen and Herring, 1997]

Nðr;a;fÞ ¼ NðrÞ þ NnsðrÞr cosaþ NewðrÞr sin a ð9Þ

where r = rf represents horizontal arc distance, a is the
azimuth angle, f is the angle from the center of the Earth,
and Nns and New are the north-south (NS) and east-west
(EW) components, respectively, of the horizontal refracti-
vity gradient (Nns =

@
@rN(r)n̂s, New = @

@rN(r)êw). The cos a
and sin a terms give the projection of the NS and EW
gradient on the azimuth of the observation.
[12] By substituting equation (9) into equation (3), the

total atmospheric delay, including gradients, can be written
as follows:

datm ¼ 10!6

Z ra

rs

NðrÞ
sin q

dr þ dgeo þ
Z ra

rs

NnsðrÞr
sin q

dr

! "

cos a

þ
Z ra

rs

NewðrÞr
sin q

dr

! "

sin a ð10Þ

where q is the elevation angle at the altitude calculated using
Snell’s law, rs is the geocentric radius of the station, and ra
is the geocentric radius at the top of the atmosphere. In this
paper, NS gradients are calculated from north to south,
and EW gradients are calculated from west to east. The
NS and EW gradient delays are calculated by numerically
integrating the third and fourth terms in equation (10) using
a ray-tracing algorithm.

3. Ray Tracing

[13] The total atmospheric delay can be evaluated by
numerically integrating equation (10) along the path of a
laser pulse starting at the surface and passing through the
atmosphere to a geodetic satellite such as LAGEOS 1 or 2.
The signal passes through layers of varying refractive index
due to pressure and temperature variations that result in the
pulse speeding up as it passes through regions of lower
density. The signal also follows a curved path due to ray
bending, a consequence of Snell’s law. The ray-tracing
computation process is based on geometric optics theory
applied over a series of thin spherical shells until the top of
the atmosphere. A constant refractivity is assumed within
each spherical shell. The NS and EW components of the
horizontal gradient delay [third and fourth terms in
equation (10)] can be evaluated directly by integrating
values at each spherical shell layer i until the top of the
atmosphere (TOA) as follows:

dins ¼ 10!6 N
l
ns þ N u

ns

2
rds ð11Þ

diew ¼ 10!6 N
l
ew þ N u

ew

2
rds ð12Þ

where dns
i and dew

i are the delays in the NS and EW
directions for level i, r is the horizontal position coordinate
measured from the station location, ds is the integration step
size, and l and u specify the lower and upper boundaries of
layer i.

3.1. AIRS

[14] The Atmospheric Infrared Sounder (AIRS) is one of
many instruments aboard AQUA, a polar orbiting satellite
that is part of the NASA-centered Earth Observing System
(EOS) used for climate research and weather prediction (for
detailed information, see http://disc.gsfc.nasa.gov/AIRS/
documentation.shtml). AIRS is a hyperspectral infrared
instrument that measures the radiance that reaches the top
of the atmosphere at a given frequency. The conversion of
the measured quantity (radiance) into a geophysical quantity
(temperature, humidity, etc.) is called a retrieval and is an
inverse problem that needs to be solved in the most optimal
way possible. A significant advantage of AIRS is that it uses
2378 spectral channels to measure a broad range of wave-
lengths, as compared to earlier instruments that only used
15 channels. The higher number of channels results in
measurements that are of higher sensitivity, precision, and
accuracy. A further advantage of using AIRS is that it
provides rapid and global coverage of the Earth and the
data is available at almost near real time.
[15] AIRS data coverage is pole-to-pole, and the Earth is

covered twice daily consisting of a descending (daytime) and
an ascending (nighttime) path. Ascending and descending
orbits do not cover the same area of the Earth. The data is
retrieved in the form of a granule which contains 6 min of
data and is approximately 2300 (NS) km& 1600 (EW) km in
spatial extent with a 50-km horizontal resolution within the
granule. One day of data yields 240 granules. We use AIRS
level 2 support product (V4.0) profiles of temperature,
pressure, and water vapor at 100 standard pressure levels
extending from 1100 up to 0.1 mb.
[16] In order to perform the ray tracing, three-dimensional

atmospheric grids need to be constructed around each
operational SLR tracking station. The data is first processed
and then grouped into 10! & 10! latitude/longitude grids
with a 0.5! spatial resolution and up to an altitude of 0.1 mb.
In this way, rays with elevation angles above 5! will remain
in the three-dimensional atmospheric grid to an altitude of
45 km. From now on we will refer to AIRS ray-tracing
results as ART.

3.2. NCEP/NCAR Reanalysis Data

[17] In addition to the AIRS results, we use NCEP/NCAR
reanalysis fields [Kalnay et al., 1996] from the Climate Data
Assimilation System (CDAS) to make comparisons over the
same time period and station locations. The current CDAS
data is geared toward using satellite data, and computer
capacities are geared to accommodate this data. The reana-
lysis project is supported by the National Oceanic and
Atmospheric Administration’s (NOAA) Office of Global
Programs. NOAA’s main computing facility in Gaithersburg,
Maryland receives over 123 million satellite observations
per day and, using computational speeds of 1.485 trillion
calculations per second combined with advanced global,
regional, and hazard models, results in significant advances
in weather forecasting and climate prediction. Examples of
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gradient delay is estimated from the first-order term in
equation (8). The delay contribution from the higher-order
terms is negligible, and we have calculated values at the
10!5-mm level at 10! elevation.
[11] The refractivity in terms of the Earth-centered spher-

ical coordinates, using only the first two terms in equation (8),
can then be expressed as [Chen and Herring, 1997]

Nðr;a;fÞ ¼ NðrÞ þ NnsðrÞr cosaþ NewðrÞr sin a ð9Þ

where r = rf represents horizontal arc distance, a is the
azimuth angle, f is the angle from the center of the Earth,
and Nns and New are the north-south (NS) and east-west
(EW) components, respectively, of the horizontal refracti-
vity gradient (Nns =

@
@rN(r)n̂s, New = @

@rN(r)êw). The cos a
and sin a terms give the projection of the NS and EW
gradient on the azimuth of the observation.
[12] By substituting equation (9) into equation (3), the

total atmospheric delay, including gradients, can be written
as follows:

datm ¼ 10!6

Z ra
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NðrÞ
sin q

dr þ dgeo þ
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NnsðrÞr
sin q

dr

! "

cos a

þ
Z ra
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NewðrÞr
sin q

dr

! "
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where q is the elevation angle at the altitude calculated using
Snell’s law, rs is the geocentric radius of the station, and ra
is the geocentric radius at the top of the atmosphere. In this
paper, NS gradients are calculated from north to south,
and EW gradients are calculated from west to east. The
NS and EW gradient delays are calculated by numerically
integrating the third and fourth terms in equation (10) using
a ray-tracing algorithm.

3. Ray Tracing

[13] The total atmospheric delay can be evaluated by
numerically integrating equation (10) along the path of a
laser pulse starting at the surface and passing through the
atmosphere to a geodetic satellite such as LAGEOS 1 or 2.
The signal passes through layers of varying refractive index
due to pressure and temperature variations that result in the
pulse speeding up as it passes through regions of lower
density. The signal also follows a curved path due to ray
bending, a consequence of Snell’s law. The ray-tracing
computation process is based on geometric optics theory
applied over a series of thin spherical shells until the top of
the atmosphere. A constant refractivity is assumed within
each spherical shell. The NS and EW components of the
horizontal gradient delay [third and fourth terms in
equation (10)] can be evaluated directly by integrating
values at each spherical shell layer i until the top of the
atmosphere (TOA) as follows:

dins ¼ 10!6 N
l
ns þ N u

ns

2
rds ð11Þ

diew ¼ 10!6 N
l
ew þ N u

ew

2
rds ð12Þ

where dns
i and dew

i are the delays in the NS and EW
directions for level i, r is the horizontal position coordinate
measured from the station location, ds is the integration step
size, and l and u specify the lower and upper boundaries of
layer i.

3.1. AIRS

[14] The Atmospheric Infrared Sounder (AIRS) is one of
many instruments aboard AQUA, a polar orbiting satellite
that is part of the NASA-centered Earth Observing System
(EOS) used for climate research and weather prediction (for
detailed information, see http://disc.gsfc.nasa.gov/AIRS/
documentation.shtml). AIRS is a hyperspectral infrared
instrument that measures the radiance that reaches the top
of the atmosphere at a given frequency. The conversion of
the measured quantity (radiance) into a geophysical quantity
(temperature, humidity, etc.) is called a retrieval and is an
inverse problem that needs to be solved in the most optimal
way possible. A significant advantage of AIRS is that it uses
2378 spectral channels to measure a broad range of wave-
lengths, as compared to earlier instruments that only used
15 channels. The higher number of channels results in
measurements that are of higher sensitivity, precision, and
accuracy. A further advantage of using AIRS is that it
provides rapid and global coverage of the Earth and the
data is available at almost near real time.
[15] AIRS data coverage is pole-to-pole, and the Earth is

covered twice daily consisting of a descending (daytime) and
an ascending (nighttime) path. Ascending and descending
orbits do not cover the same area of the Earth. The data is
retrieved in the form of a granule which contains 6 min of
data and is approximately 2300 (NS) km& 1600 (EW) km in
spatial extent with a 50-km horizontal resolution within the
granule. One day of data yields 240 granules. We use AIRS
level 2 support product (V4.0) profiles of temperature,
pressure, and water vapor at 100 standard pressure levels
extending from 1100 up to 0.1 mb.
[16] In order to perform the ray tracing, three-dimensional

atmospheric grids need to be constructed around each
operational SLR tracking station. The data is first processed
and then grouped into 10! & 10! latitude/longitude grids
with a 0.5! spatial resolution and up to an altitude of 0.1 mb.
In this way, rays with elevation angles above 5! will remain
in the three-dimensional atmospheric grid to an altitude of
45 km. From now on we will refer to AIRS ray-tracing
results as ART.

3.2. NCEP/NCAR Reanalysis Data

[17] In addition to the AIRS results, we use NCEP/NCAR
reanalysis fields [Kalnay et al., 1996] from the Climate Data
Assimilation System (CDAS) to make comparisons over the
same time period and station locations. The current CDAS
data is geared toward using satellite data, and computer
capacities are geared to accommodate this data. The reana-
lysis project is supported by the National Oceanic and
Atmospheric Administration’s (NOAA) Office of Global
Programs. NOAA’s main computing facility in Gaithersburg,
Maryland receives over 123 million satellite observations
per day and, using computational speeds of 1.485 trillion
calculations per second combined with advanced global,
regional, and hazard models, results in significant advances
in weather forecasting and climate prediction. Examples of
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ray-tracing algorithm using 3D atmospheric grids around 
each station 
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Algorithm

Using profiles of : 
• temperature 
• pressure 
• water vapour
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Contribution of gradients

pressure gradients due to possible deviations in the atmo-
sphere from hydrostatic equilibrium and the effects of
vertically trapped waves as discussed by Hauser [1991].
We can imagine that the mountains ‘‘distort’’ the pressure
profiles around the station, resulting in the larger horizontal
pressure gradients. Another possible explanation for the
larger pressure gradients could be that horizontal tempera-
ture fluctuations in the boundary layer (0–1800 m) are
essentially eliminated when calculating the total delay.
4.1.3. Yarragadee
[29] Yarragadee is situated on the south-western coast of

Australia and is a very important station in the ILRS
network since it produces a very large number of observa-
tions and is one of only four operational stations in the
Southern Hemisphere. The Indian Ocean lies 50 km to the

west of the station, and as a result, we should expect the
ocean to have a significant influence on our results. Average
summer temperatures in this region range from 28! to 32!C
with fluctuations from 20! to 38!C (Australian Climate
Bureau) during the summer resulting in large horizontal
temperature gradients from land to the cooler ocean. In fact,
from our results in Table 6, we find that the largest gradients
occur in the EW direction during the summer daytime, with
positive mean delays and standard deviation of 11.4 ±
10.9 mm, as compared with values of 4.6 ± 9.2 mm during
the winter. The EW gradients have a definite preferred
positive direction, indicating that the gradients point east-
ward, i.e., from cooler values over the ocean in the west,
toward warmer air over land in the east. The NS gradients
are also significant during the summer months with delays
of !6.2 ± 10.1 mm. The gradient delay values for both NS
and EW components decrease significantly during the
nighttime observations (see Table 6). This can be attributed
to the fact that, during the night, the air over land cools
down a lot quicker than air over water, and as a result, land-
ocean temperature differences decrease, resulting in smaller
delay values. The 2-year mean and standard deviations are
!2.2 ± 7.6 mm in the NS and 4.1 ± 8.0 mm in the EW
direction.
[30] The presence of large EW surface temperature gra-

dients during February can be clearly seen in the temperature
gradient profile in Figure 6 (top right panel) when compared
to the mean profiles during August (bottom right panel).
The corresponding delays for the pressure and temperature
contribution for August are similar (Table 5), but during the
summer month we see a significantly larger mean and
standard deviation for the temperature component.

4.1.4. Zimmerwald
[31] Zimmerwald is stationed near Bern, Switzerland, and

although the climate is temperate throughout the year with
temperatures not too hot or cold, the varying topography
(altitudinal spread of more than 4000 m) is one of the main
factors that affect the climate in different regions of the
country. If we look at the 2-year seasonal and diurnal
variations (Table 6), we see a relatively large, positive mean
EW gradient of 4.4 ± 5.9 mm. For the NS component, there

Table 5. Corresponding Delays From Figures 5 and 6 Showing
Separate Contributions From Temperature and Pressure Toward the
Gradient Delaya

NS Gradient EW Gradient

Mean Std Mean Std
Station Contribution mm mm mm mm

Monument Peak
February Total !0.2 0.8 !0.4 0.8

Pressure !1.8 1.7 !1.1 1.4
Temperature 1.6 1.4 0.6 1.0

August Total !2.1 1.5 1.5 0.9
Pressure !2.3 1.6 1.2 3.0
Temperature 0.2 1.1 0.3 2.7

Yarragadee
February Total !1.1 1.1 1.4 1.3

Pressure 0.1 1.9 !2.4 2.6
Temperature !1.6 2.2 4.2 4.0

August Total 0.1 1.1 0.3 0.6
Pressure 3.5 1.5 !0.8 1.4
Temperature !3.4 1.1 1.2 1.8

aStatistics are for February and August 2004 at Monument Peak and
Yarragadee.

Table 6. Seasonal and Diurnal Horizontal Gradient Delay
Variations at 10! Elevation for 2 Years During 2004 and 2005,
Using ART

NS Gradient EW Gradient

Mean Std Mean Std
Station Season Time mm mm mm mm

Yarragadee Summer day !6.2 10.1 11.4 10.9
night !4.0 5.1 5.7 4.9

Winter day !2.6 9.1 4.6 9.2
night !0.1 6.2 1.0 6.0

Herstmonceux Summer day !5.4 11.2 !0.6 6.3
night !2.7 9.5 0.5 5.9

Winter day !3.9 12.5 !0.4 7.0
night !3.0 11.0 !0.2 7.3

Monument Peak Summer day !2.5 10.3 5.8 11.7
night !4.4 4.6 5.1 5.5

Winter day !0.4 6.6 1.1 7.7
night !0.5 5.2 2.3 6.1

Zimmerwald Summer day !2.9 7.8 4.4 5.9
night !8.3 8.0 3.3 5.2

Winter day !3.4 9.3 3.9 7.1
night !5.1 10.5 3.1 6.3

Table 4. AIRS and NCEP Horizontal Refractivity Gradients,
Expressed as the Delay at 10! Elevation for 10 ILRS Tracking
Stationsa

NS Gradient EW Gradient

Mean RMS Mean RMS
Station Method mm mm Mm mm

Herstmonceux ART !3.8 11.3 !0.2 6.8
NRT !4.1 9.5 !0.7 5.4

Graz ART !3.6 8.9 1.5 5.5
NRT !1.3 6.5 0.3 4.3

Zimmerwald ART !4.1 9.1 3.8 6.5
NRT !0.8 7.6 0.2 3.3

Matera ART !2.1 8.1 1.8 6.4
NRT !0.5 4.5 !0.4 4.7

Greenbelt ART !1.4 8.4 !1.3 7.5
NRT !1.9 5.9 1.0 5.6

Monument Peak ART !1.3 8.0 3.0 9.4
NRT !0.4 3.0 1.1 2.9

McDonald ART 0.6 7.0 !2.7 6.0
NRT !0.2 3.6 !1.0 3.1

Hartebeesthoek ART 0.5 5.8 !0.8 5.0
NRT 2.1 2.2 !1.0 2.0

Yarragadee ART !2.2 7.6 4.1 8.0
NRT !3.6 5.7 2.0 4.2

Mt. Stromlo ART 1.9 8.2 1.9 7.3
NRT 1.0 5.8 !0.1 4.5

aStatistics are for 2 years of data during 2004 and 2005. ART, AIRS ray
tracing; NRT, NCEP ray tracing.
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Other tropospheric models in GINS
• similar implementation using ECMWF data 

• mais : 

‣ no ray-tracing/integration along path 

‣ another model implemented and tested but mainly for VLBI and GPS 
using ( gradient mapping function and refractivity constants from 
Bevis et al [1994] and Chen et Herring [1997] ) 

‣ similarly for SLR but…not tested (~ 7cm biases seen) 

• GPS & VLBI : multiple targets simultaneously unlike SLR. 

• gradient mapping function assumes same direction at all levels of 
atmosphere => “large scaling factor” [para 36: Hulley et al 2007]
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