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[1] We present a multiple step procedure for joint modeling of surface wave group
velocity dispersion curves and teleseismic receiver functions for lithospheric velocity
structure. The method relies on an initial grid search for a simple crustal structure,
followed by a formal iterative inversion, an additional grid search for shear wave velocity
in the mantle, and finally, forward modeling of transverse isotropy to resolve Love-
Rayleigh surface wave dispersion discrepancy. It considers longer-period surface wave
group velocity (SWGV) dispersion, allowing for the resolution of deeper structure
compared to previous joint inversions. The grid search for simple crustal structure is
facilitated using a library of precomputed receiver functions and SWGV dispersion curves.
The iterative inversion improves fit to the data by increasing the number of layers in
the crust when necessary. In order to fit the SWGV for periods greater than about 50 s, we
perform a grid search over mantle velocities including the mantle lid and low-velocity
zone, keeping the crustal structure fixed to the values from the previous step. In some
cases a clear Love-Rayleigh discrepancy prevents a simultaneous fit of the group
velocities with an isotropic model. The Love-Rayleigh discrepancy can be resolved by
allowing shear wave transverse isotropy with a vertical symmetry axis (vSH � vSV
differences) in the uppermost mantle. The method is applied to 10 stations in the Arabian
Peninsula sampling various tectonic environments including active continental rifting and
stable regions. The resulting shear velocity models confirm rapid crustal thinning of
the Arabian Shield toward the Red Sea; however, we do not find strong evidence for
crustal thickening toward the Arabian Platform. Our results suggest that the mantle
lithosphere thickness varies regionally but that the mantle shear velocities beneath the
Arabian Shield and Red Sea coast are generally anomalously low. Furthermore, our results
indicate the presence of strong polarization anisotropy (up to about 10%) in the
lithospheric upper mantle, in the vicinity of, as well as farther away from, the Red Sea.
Our modeling yields vSV > vSH in the southwestern part of the Arabian Peninsula,
consistent with vertical flow, and vSH > vSV in the northwestern part of the Arabian
Peninsula and the continental interior, consistent with horizontal flow, indicating that the
mantle flow pattern is not uniform along the axis of the Red Sea.
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1. Introduction

[2] Since the beginning of broadband digital seismometry
in the late 1970s, teleseismic receiver functions (RFs) have
been used to estimate regional crustal structure [e.g.,

Langston, 1979; Owens, 1987; Owens et al., 1987; Ammon
et al., 1990; Ammon, 1991]. This widely applied method
deconvolves the vertical component P wave from the radial
component to isolate the shear wave response of the crust
and upper mantle beneath the recording station. RFs are
very sensitive to changes in seismic velocities (i.e., dis-
continuities), however, are only weakly sensitive to abso-
lute velocities. Methods to model crustal structure with RFs
have relied on formal inversion [e.g., Ligorrı́a and Ammon,
1999; Ammon et al., 1990], or grid search [e.g., Sandvol et
al., 1998a], and similarly, genetic algorithm inversion of
receiver functions [Shibutani et al., 1996], based on the
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algorithm developed by Sambridge and Drijkoningen
[1992]. There were several studies recently, however, in
which RFs were jointly inverted with surface waves (SW)
dispersion for crustal structure [e.g., Özalaybey et al., 1997;
Du and Foulger, 1999; Julià et al., 2000]. These methods
have the advantage of improved sensitivity to absolute
velocities compared to RFs alone. In this paper we extend
the method of Julià et al. [2000] by combining grid search,
formal inversion and forward methods and by considering
broadband long-period surface wave group velocities and
mantle anisotropy. The method we are proposing is con-
ceptually similar to the method by Julià et al. [2000] only
in that it uses the same type of data and that it has the same
goal, i.e., we seek seismic velocity depth profiles in the
region of interest, which can explain the observed seismic
data. However, we include long-period dispersion in the
modeling and introduce an additional grid search for the
structure in the mantle. Furthermore, we address the Love-
Rayleigh wave dispersion discrepancy by additional for-
ward modeling for the transverse isotropy. Above all, the
final solution dependence on the starting model, which we
believe is the largest and the most serious shortcoming of
the existing linearized inversion schemes, is addressed with
introducing the grid search step in the early stage of the
procedure. In summary, the proposed method represents an
improvement in existing methods for the following reasons:
[3] 1. The first grid search finds the optimal starting

model for the linearized inversion and minimizes possible
bias due to poor starting models. This results in a more
time-consuming, but fundamentally more accurate model-
ing. The grid search allows users to study even those areas
for which prior geological and geophysical a priori con-
straints do not exist.
[4] 2. The consideration of long-period surface wave

group velocity (SWGV) data allows for deeper structure
to be estimated but must result in crustal structure consistent
with shorter-period SWGV and RF data.
[5] 3. The consideration of the lithospheric thickness and

Love-Rayleigh discrepancy is required when considering
the longer-period SWGV data (in most cases) and our
additional grid search and forward modeling allow for a
very general representation of mantle velocities.
[6] Some of the main shortcomings of receiver function

analysis, such as possible effects of heterogeneity, anisot-
ropy, and dipping interfaces on RFs, as well as the assess-
ment of uncertainties in recovered models, remain to be
addressed better in the future. However, in the application of
this method, the objective is to improve estimates of one-
dimensional average crustal and mantle lithospheric shear
velocity structure beneath the stations of an insufficiently
studied region, the Arabian Peninsula. The resulting models
are optimized given the assumption of a plane-layered
transversely isotropic Earth.
[7] The Arabian Peninsula forms a single tectonic plate,

the Arabian Plate (Figure 1). It is surrounded on all sides by
active plate boundaries. Active tectonics of the region is
dominated by the collision of the Arabian Plate with the
Eurasian Plate along the Zagros and Bitlis Thrust systems,
rifting and seafloor spreading in the Red Sea and Gulf of
Aden. Strike-slip faulting occurs along the Gulf of Aqaba
and Dead Sea Transform fault systems. Two large provinces
associated with the presence or absence of sedimentary

cover define the large-scale geologic structure of the Ara-
bian Peninsula. The Arabian Platform (eastern Arabia) is
covered by sediments that thicken significantly toward the
Persian Gulf. The Arabian Shield has no appreciable sed-
imentary cover with many outcrops. Volcanic activity is
observed on the Arabian Shield. This is likely to be related
to the opening of the Red Sea and mantle asthenospheric
upwelling beneath western Arabia [e.g., Camp and Roobol,
1992].
[8] Previous studies of crustal and upper mantle structure

of the Arabian Peninsula have reported differences between
the structure of the Arabian Shield and the Arabian Plat-
form. However, early investigations were limited by the
paucity of available waveform data. Some of these studies
relied on analog surface wave data [e.g., Knopoff and
Fouda, 1975; Mokhtar and Al-Saeed, 1994; Al-Amri,
1999]. More recently, seismological studies of the Arabian
shield relied on data recorded by the Saudi Arabian Portable
Broadband Deployment [Vernon et al., 1996; Vernon and
Berger, 1998; Mellors et al., 1999].
[9] Teleseismic RFs were calculated for numerous of

stations in the Arabian Peninsula in several seismological
studies. For example, Sandvol et al. [1998b] estimated the
lithospheric structure of the Arabian Shield by modeling
receiver function stacks obtained from teleseismic P waves.
Levin and Park [2000] observed strong azimuthal variations
of RFs at station RAYN (Ar Rayn, Saudi Arabia) and
proposed a model of two anisotropic zones bounded,
respectively, by the sharp Moho and the Hales discontinuity
on the top. Furthermore, possible complex azimuthal an-
isotropy patterns exist based on limited shear wave splitting
observations (such as Levin et al. [2006]). However, Wolfe
et al. [1999] and, recently, Hansen et al. [2006] reported
that shear wave splitting orientations are consistently slightly
east of north at stations in Arabia and this tendency is
remarkably stable across the Arabian Plate. These observa-
tions do not support a complex anisotropy and can be
explained by a simple combination of plate motion and
channelized flow along the Red Sea. Julià et al. [2003]
presented receiver function results for the Arabian Shield,
combining them with surface wave dispersion data to invert
for the lithospheric structure. Al-Damegh et al. [2005]
calculated RFs for the Arabian Plate from permanent broad-
band stations in Saudi Arabia [Al-Amri and Al-Amri, 1999]
and Jordan [Rodgers et al., 2003a].
[10] With a goal of improving structural estimates of the

Eurasian lithosphere, Lawrence Livermore National Labo-
ratory (LLNL) has collaborative projects with a number of
institutions in the Middle East. LLNL participated in deploy-
ing broadband instruments HITJC and RUWJC in Jordan
[Rodgers et al., 2003a] and MEZE and HALE in UAE
[Rodgers et al., 2003b]. Recently, M. E. Pasyanos et al.
(Seismic structure of Kuwait: A case study of improvements
to structural estimates from the installation of a broadband
station, submitted to Geophysical Journal International,
2005, hereinafter referred to as Pasyanos et al., submitted
manuscript, 2005) employed SWGV dispersion and RFs
from broadband waveform data at the station KBD to derive
crustal structure of Kuwait. In this paper, using a newly
developed multistep method, we extend previous efforts to
determine crustal and lithospheric mantle structure under the
stations of the Arabian Peninsula. We use an extended data
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set from previously analyzed stations and several more
stations that have meanwhile became available.

2. Data

2.1. Teleseismic Receiver Function Data

[11] We estimate teleseismic RFs from a significant
number of high-quality waveform data. Unprocessed data
for RF analysis consist of three-component broadband
velocity seismograms for earthquakes with magnitudes
mb > 5.8 and epicentral distances between 30� and 90�.
Global earthquake distribution for station HILS in the
middle part of the Arabian Peninsula is shown in
Figure 2a. Most of the seismicity occurring at epicentral
distances suitable to use for the receiver function method
are confined in the western part of the Pacific Rim, from the
Kuril Islands in the north to the Indonesia in the south.
[12] In order to produce radial receiver functions at each

station, we used the time domain iterative deconvolution
procedure described by Ligorrı́a and Ammon [1999]. Prior
to applying the deconvolution procedure, we cut traces at

5 s before and 30 s after the main P arrival. Resulting
receiver functions from a number of earthquakes could be
stacked and averaged for a range of back azimuths.
However, averaging can result in reducing the amplitudes
of some important features, especially at later times of the
receiver function time series where signal from the crust is
weak. Therefore special care is taken in selecting only
mutually coherent waveforms, resulting from at least 10 or
more earthquakes. We also checked how RFs vary at each
station with azimuth and ray parameter of the incoming
waves and found that this variation is not very significant.
Surely, as previously observed for station RAYN [Levin
and Park, 2000], there are some variations with azimuth in
the RFs for the stations on the Arabian Peninsula. How-
ever, we estimated that RFs variation with back azimuth is
less significant in the context of meeting our most impor-
tant goals: (1) overall simultaneous fitting of RFs and
surface wave dispersion at short periods, (2) explaining
long-period surface wave dispersion, and (3) explaining
Love-Rayleigh dispersion discrepancy. Although we con-
sidered eastern back azimuths, we found that the data from

Figure 1. Regional map of the Arabian Peninsula. The triangles denote the locations of the stations used in
this study. Also shown are plate boundaries (solid lines) and names of main tectonic and geographic features.
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northeastern back azimuths were of the best quality and
therefore we used them for average receiver function
estimates. As an example, we highlighted in Figure 2b
the band of ray paths used to obtain an average receiver
function at station HILS. In general, there is almost no
difference among the RFs corresponding to the earthquakes
from the Philippines and Indonesia back azimuths, Small
difference is seen with respect to them for the RFs
corresponding to the Kuril Islands/Japan earthquakes.
Since we felt more confident with the quality and a larger
number of RFs being mutually more coherent (better cross
correlated with a larger number of other RFs) for the Kuril
Islands earthquakes, we selected the corresponding RFs to
obtain a representative RF for this station. Since the
number of waveforms is quite large, we have the luxury
of using only data from a relatively narrow subrange of
available back azimuths at similar epicentral distances to
increase the coherence.

[13] Small variations in the RFs for different back azimuths
may be due to a range of effects like anisotropy and/or
dipping layers. However, these differences are clearly quite
small. The PsMoho phase is generally identical for each back
azimuth and slight differences arise at later times in the RF.
These differences are not large enough to preclude accurate
estimation of average structure near the station. In fact, the
RFs from any back azimuths would produce the same
average structure sought by the procedure.
[14] Figure 3a shows a bundle of receiver functions

estimated from earthquakes highlighted in Figure 2b for
station HILS, and the same for station HASS. A very
coherent receiver function with common features cor-
responding to P to S conversions is visible after overlaying
and plotting together all receiver functions. Some receiver
functions in Figure 3a are noisy because the original
records are noisy, and also because deconvolution is an
unstable process. After visual examination and careful

Figure 2. (a) Global distribution of events for which broadband waveform data were available at station
HILS (events mb � 5.2 from January 2000 to November 2003). (b) A detail from Figure 2a, with
highlighted ray paths used to obtain an averaged receiver function at station HILS shown in Figure 3.
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elimination of outliers and noisy records, we selected a final
set of receiver functions for the low-pass Gaussian filter
width parameter a = 1.0 (Figure 3b) and a = 2.5 (Figure 3c),
which in time domain correspond to the width of the
Gaussian pulse of about 1.67 and 2.64 s, respectively. We
then stack the individual RFs to represent a mean receiver
function for a given station. In Figure 3, we illustrate a
difference in waveforms between HILS (Arabian Shield
station) and HASS (Arabian Platform station). These differ-
ences become clear when higher frequencies are considered.
For example, at HASS we observe a secondary arrival
directly after the P wave, which is associated with a thick
sedimentary layer. Even though HASS receiver functions
are more complicated than other receiver functions due to
the presence of sediments, we demonstrate in Figure 3c that
our data quality and quantity is high enough that it is
possible to extract a very coherent signal even at frequen-
cies slightly above 1 Hz. This will be an important charac-
teristic of our receiver function data, which will enable us to
retrieve crustal models with high resolution and confidence.

2.2. Surface Wave Group Velocity Data

[15] We will combine the RFs with the fundamental mode
surface wave group velocity tomography. The surface wave

tomography model was constructed from dispersion meas-
urements from thousands of surface wave paths [Pasyanos
et al., 2001; Pasyanos, 2005]. Figures 4a and 4b illustrate
the ray path coverage for 30 s Rayleigh and Love waves
around the Middle East. Although seismicity in the region
(indicated by the yellow circles) is confined mostly to the
Zagros Mountains, Red Sea, Gulf of Aqaba, and Gulf of
Aden, the events are well distributed around the Arabian
Peninsula. Combined with the excellent station coverage
(indicated by the red triangles), the path coverage (blue
lines) is very dense, particularly for the Rayleigh waves.
[16] Figures 4c and 4d show maps of group velocities of

Rayleigh and Love waves at 30 s. At this period, the
Rayleigh waves are primarily sensitive to structure between
10 and 50 km depth, while the Love waves are sensitive to
structure shallower than 30 km. Both maps clearly show fast
group velocities beneath the thin crust of the Red Sea, Gulf
of Aden, and Arabian Sea. Both maps also find slow group
velocities beneath regions of thick crust and thick sedi-
ments. Because the Rayleigh waves are sensitive to deeper
structure, thick crust (in the Zagros Mountains, for example)
is emphasized in the first, while sedimentary basins (i.e.,
Eastern Mediterranean, Persian/Arabian Gulf, Mesopota-
mian Foredeep, Gulf of Oman) are emphasized in the

Figure 3. Two examples of receiver function estimates for the data from HILS and HASS. (a) Receiver
functions from data corresponding to all events highlighted in Figure 2b (the northeastern back azimuths)
for stations (left) HILS and (right) HASS. (b) Selected receiver functions after elimination of outliers and
noisy records for the low-pass Gaussian filter width parameter a = 1.0. (c) Same as Figure 3b but for the
low-pass Gaussian filter width parameter a = 2.5.
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second. The boundary between fast and slow Love wave
velocities in the Arabian Peninsula coincides very well with
sedimentary thickness contours of the region. Because of
the excellent coverage of the region, we can achieve spatial
resolution that approaches 1�, at least for the shorter-
wavelength surface waves. Uncertainties for the surface
wave tomography are calculated using a boot-strapping
approach [Pasyanos and Walter, 2002]. In general, the
uncertainties of Rayleigh waves are smaller than those of
Love waves, and the uncertainties of intermediate periods
(20–60 s) are smaller than those of the shortest and longest
periods. For example, for the 30 s Rayleigh waves the
uncertainties are fairly small everywhere. The 30 s Love
waves have small uncertainties everywhere on the Arabian
Peninsula, but fall off (somewhat expectantly) in the Ara-
bian Sea. The uncertainties of the 60 s Rayleigh waves are

higher than for 30 s Rayleigh, but still quite good (i.e.,
generally, uncertainties are smaller than 0.10 km/s). Simi-
larly, the 60 s Love waves have higher uncertainties than
30 s Love, but (like the 60 s Rayleigh waves) still relatively
small on the peninsula. We conclude that the uncertainties
are fairly small because of the excellent ray path coverage in
the region.

3. A Multistep Approach for Modeling Surface
Wave Dispersion and Receiver Functions

[17] In order to solve jointly the surface wave dispersion
and receiver function inverse problem for velocity structure,
we employed a combination of a grid search and a standard
iterative inversion technique including forward modeling
(hereafter called MSA4 method, after multistep approach

Figure 4. Map of 30-s surface wave group velocities. (a) Ray path coverage map of Rayleigh waves.
(b) Ray path coverage map of Love waves. The triangles and circles denote the stations and
earthquakes, respectively. (c) Rayleigh wave group velocities (in km/s) derived from tomographic
inversion. (d) Love wave group velocities (in km/s) derived from tomographic inversion.
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that consists of four steps). The idea underlying MSA4 is to
keep progressing gradually from the top to the bottom,
solving for Earth’s structure beneath a given station. Ideally,
we seek for the simplest model that is able to fit the data.
We invert for crustal structure first. The resulting models fit
receiver functions and only short periods of surface wave
group velocity dispersion curves. Because of the fact that
receiver functions and short-period dispersion values are
only weakly sensitive to upper mantle structure (assuming
that there are no sharp discontinuities and that receiver
functions are 30 s long), it is possible to perturb only the
deeper part of the model (velocities and thicknesses of
deeper layers) without degrading a fit for the receiver
functions and dispersion at short periods from previous
steps. Thus we solve for the crustal and upper mantle
structure (to the depths of about 150 km), including crustal
thickness, the extent and strength of lithospheric lid, the
presence of low-velocity zones, and transverse isotropy,
without the need to use strong geological and geophysical
a priori constraints. A flowchart describing MSA4 method
is presented in Figure 5.

3.1. Step 1: Joint Grid Search Inversion for the First
Approximation of Crustal Structure

[18] In general, grid searches sample the parameter space
bounded by the lower and upper limits looping over discrete
values for each free parameter, and the fit statistics are
evaluated at each grid point. On the one hand, an obvious
advantage of a grid search method over other inversion
techniques is that it provides goodness-of-fit statistics for an
entire parameter space, within the limitations of its discrete
nature. This is advantageous in situations where even an
approximate structure under a station is not known a priori,
for instance if one tries to invert for crustal structure based
on observed receiver functions, while at the same time other
geophysical and geological constraints on the crust do not
exist. On the other hand, a serious disadvantage of grid
search methods is in the fact that they are computationally
intensive, especially in the framework of jointly inverting
several independent data sets. Another disadvantage is that
the structure of the parameter space might be finer than the
selected grid spacing. Thus some assumptions are required
in order to simplify the problem.
[19] We experimented with various Vp/Vs ratios in our

modeling, from individual station to station, but we
obtained good results with Poisson’s ratio equal to
0.25 (Vp/Vs = 1.73). The assumption that Poisson’s ratio
for sediments is equal 0.25 is arguable, but we tested the
uncertainty in our final models for smaller values of
Poisson’s ratios and could not distinguish between which
model is significantly better, based on the uncertainty in our
measurements. Thicker sediments, say, 8 to 10 km, would
have much more important effect. Thus, at the most basic
level, we simplify a grid search, reducing the inverse
problem to three layers in the crust and an additional layer
below the crust extending down to 80 km depth, assuming
Poisson’s ratio s = 0.25 and the Birch’s law for density
[Birch, 1961]. The number of free parameters consequently
reduces to 2n + 1 = 7, where n is the number of layers
(2 signifies shear wave velocity and thickness of each layer
and 1 comes from shear wave velocity of the layer below
the crust). We imposed minimal a priori constraints on the

crustal thickness, with relatively coarse grid spacing (grid
points at every 2 km for surface layer thickness, every 3 km
for other layers, and 0.3 km/s for shear wave velocity).
Given the number of possible models the computation of
synthetics for receiver functions and surface wave disper-
sion curves is still too large to do for each station on a Sun/
Unix work station. However, we solved this problem by
computing and storing a database of synthetic receiver
functions and synthetic dispersion curves from a number
of models according to ‘‘3 crustal layers + 1 mantle layer’’
scheme. This is done for receiver functions with Gaussian
filter width parameter a = 1.0 and duration of 30 s, for a
range of ray parameters and for both Love and Rayleigh
group velocity dispersion synthetics. We used a reflectivity

Figure 5. A flowchart demonstrating the four steps of the
MSA4 method.
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synthetic seismogram algorithm by G. Randall, based on the
method developed by Kennett [1983] and a time domain
deconvolution to produce synthetic receiver functions in the
same manner as it was done for the seismograms. For
surface wave group velocity dispersion, we used algorithm
DISPER80 developed by Saito [1988]. The medium below
80 km depth, which was a half-space in the creation of
receiver functions synthetics, here is replaced by a series of
layers with PREM thicknesses and velocities [Dziewonski
and Anderson, 1981].
[20] The ranges of the grid search for each layer are given

in Table 1. For a given ray parameter and our grid search
specification, the number of synthetic receiver functions and
corresponding dispersion curves is slightly over 198,000. It
took more than 2 days of CPU time to compute the database
of synthetic receiver functions for a single value of the ray
parameter, and about 8 hours to populate corresponding
database of synthetic dispersion curves (which has no
dependence on ray parameter) on the work station ‘‘Sun
Blade 2000.’’ It is possible by investing some additional
CPU time, to extend the existing database by more closely
spaced grid point synthetics.
[21] With the current grid spacing (specified in Table 1), it

takes about 1.5 hour to run a grid search algorithm on Sun
Blade 2000 by calculating statistics for each model. Root-
mean-square (RMS) and variance reduction (VR) for each
model are calculated as a measure of misfit according to the
following expressions:

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

wi obsi � theorið Þ2

N

vuuut

VR ¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

obsi � theorið Þ2
X
i

obs2i

vuuuut

8>><
>>:

9>>=
>>;
100%

[22] N is the number of selected periods for Love or
Rayleigh wave dispersion at a given station. Typically, we
consider 11 discrete periods spanning from 20 to 70 s for
Love waves, and 20 discrete periods spanning from 7 to
100 s for Rayleigh waves, but N is smaller for stations
MEZE and HITJC due to the fact that we do not have as
reliable dispersion measurements at the shortest periods. The
obs and theor are the observed and theoretically predicted
points, respectively, for the both receiver functions and
surface wave dispersion. w is defined as 1/e (where e is
the error of each point in surface wave dispersion measure-
ments) and is a relative weight of each velocity measurement

in the dispersion. If there is a large misfit at only one single
period of the group velocity dispersion, we infer from the
above formula for RMS that this will significantly penalize
the result. However, the above formula for VR secures that
the result will not be significantly penalized if there is a large
misfit at one point. Therefore VR is more appropriate
measure of misfit than RMS for continuous waveforms
(receiver functions) with much larger number of points than
in discrete dispersion measurements, where it is important to
fit the general character of the waveform. RMS and VR
expressions are both used as criteria for selection and
plotting small arbitrary percentages of the best models.
When only one data set (receiver function or Love
or Rayleigh wave dispersion) is considered, it is
straightforward to select a desired percentage of the best
models. When all the three data sets are combined, we must
trade off the fit to each individual data type in order to find a
range of appropriate models. Therefore the percentage of the
best models that fit one data set is gradually increased until
common models are found that simultaneously fit all data
sets. In practice, this means that we sacrifice the quality of
the fit to one single data set for a reasonable fit of all data
sets. The importance of fits of each data set is achieved by
adjusting different percentages of the best models. For
example, if a good fit to the receiver function data is desired,
the percentage of the best models fitting receiver functions is
set to be small (e.g., 1%), while the percentage of the best
fitting models for surface waves is gradually increased (e.g.,
up to 50%) until a desired number of common models are
found to fit all data sets.
[23] The resulting models consisting of three-layer crust

and a half-space are often too simplistic. We note, however,
that some excellent matches to the data were found, partic-
ularly in cases when only receiver function or only surface
wave data (either Love or Rayleigh wave dispersion) are
considered. This is illustrated in Figures 6 and 7 for stations
HILS (Figures 6a and 7a), AFFS (Figure 6b), and HASS
(Figure 7b). Initial grid searches for receiver functions are
done using a = 1.0 because the goal is to find a good starting
model. The observed receiver functions (Figure 6) are fit
well for HILS with three-layer model of the crust, with
some larger uncertainty in top 15 km in the best models, but
resolving the Moho depth. The crustal structure is some-
what more uncertain for AFFS, although the fits to the
waveforms that are achieved with three-layer model are
good and Moho depth seems to be well resolved with
uncertainty of several kilometers. Surface wave dispersion
curves (Figure 7) are fit well for station HILS, but resulting
best models are more variable than for the receiver function
fits. This confirms a well-known property of surface waves
being more sensitive to the absolute velocity structure, but
without constraints on the depths of discontinuities. For
station HASS, an additional complexity stems from the fact
that the best models fail to fit the dispersion at long periods
due to the overly simplistic half-space mantle (55–70 s for
Love and 60–100 s for Rayleigh waves). In general, fitting
the group velocities is challenged by the fact that the group
velocity curves are scattered, particularly for longer periods.
[24] When all the three data sets are combined, it becomes

clear that much finer details in structure below a given
station are required in order to fit these data sets simulta-
neously with reduced variance. Examples of best fits for

Table 1. Parameters That Characterize Each Layer in the Initial

Grid Search Inversion Scheme (Step 1)a

Layer Thickness
Vs Velocity,

km/s
Dh,
km

Dv,
km/s

1 h1 = 0 to 12 km V1 = 2.7–4.2 2 0.3
2 h2 = 3 to HMOHO � (h1 + h3) V2 = 3.0–4.5 3 0.3
3 h3 = 3 to HMOHO � (h1 + h2) V3 = 3.3–4.8 3 0.3
4 h4 = 80 � HMOHO V4 = 4.3–4.7 – 0.2
aThickness and shear wave velocity of each layer can vary with a step

specified in Dh and Dv columns, respectively.
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stations: HILS (Figure 8a), AFFS (Figure 8b), and KBRS
(Figure 8c) are given. Here we show best fit models for
receiver function and surface wave joint grid search inver-
sion. For station HILS, grid search returns relatively good
fits even if all three data sets are inverted for simultaneously.
This fit can be further improved by increasing the number of
free parameters; however, the data suggest that the litho-
spheric structure under this station is simple and the data can
be explained with a small number of parameters. However,
for the other two stations shown, a satisfactory joint fit of
receiver functions and surface wave dispersion is not
possible. At station AFFS this manifests in overestimated
velocities in the dispersion curve at long periods. At

station KBRS the misfit is even more drastic, with the
velocities at all periods of Love wave dispersion being
largely underestimated. This is a challenge that requires
extending the simple grid search with several additional
steps, which will be described below.
[25] At this stage in MSA4, we have an adequate starting

model for further improvement. In particular, for receiver
functions, we focus on matching the amplitudes and charac-
ter of the first (direct P) and the second peak (Ps), as well as
the later cycle (PpPms and PpSms + PsPms) mostly sensitive
to the velocity contrast at Moho. In cases where we were not
able to fit all three data sets simultaneously, we select models
that fit receiver functions and Rayleigh wave group velocity

Figure 6. Grid search results for lithospheric structure after modeling the observed receiver functions for
a low-pass Gaussian filter width parameter a = 1.0 for (a) HILS and (b) AFFS, two stations located in the
Arabian Shield. Thick gray line is a stacked and averaged observed receiver function and thin black lines
are (left) modeled receiver functions and (right) corresponding shear wave velocity profiles for the best
0.01%models obtained in the grid search. The range of grid search is shown on the right by thin gray lines.
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