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Abstract Higher modes of surface waves are more sensitive to the details of the wavespeed distribu-
tion with depth than the fundamental modes, and in particular to the wavespeed gradients within layers and
the transition between layers. The character and dispersion of the various modal branches are readily envis-
aged with the aid of calculations of frequency–phase speed spectra for surface sources. Colour-coding of the
three-component response is helpful in assessing the nature of themodes and theway that they interact with
recording systems. The near-surface can have very variable wavespeed gradients, from slight in the presence
of recent sediments to quite strong under compaction. In the presence of gradients the dispersion properties
of higher modes are not well represented by models with just a few uniform layers even though this may be
adequate for the fundamentalmode. Where gradients are expected, direct parametrisation is beneficial, even
if implemented with sequences of uniform layers.

Non-technical summary The immediate near surface zone frequently contains gradients in seis-
mic wavespeed associated with sediment accumulation and compaction. Such gradients have a strong influ-
ence on the character of higher modes of seismic surface waves that are increasingly revealed as the density
of seismic observations improves. The behaviour of these higher modes as a function of frequency and prop-
agation speed provides strong clues as to the character of the wavespeed distribution with depth.

1 Introduction
Surface waves are well excited by shallow seismic
sources, and their dispersion properties provide a con-
venient tool for characterising the structure of the near-
surface. Most work has concentrated on the properties
of the fundamental modes, but it has long been recog-
nised that the higher surface wave modes provide addi-
tional constraints on structural properties, if they can
be observed (e.g., Nolet and Panza, 1976).
As observation systems have become denser the op-

portunities for extracting higher modes have improved
for both passive deployments (e.g., Ma et al., 2016) and
active-source experiments (e.g., Guo et al., 2023). Corre-
lation methods have been particularly effective for iso-
lating fundamental-mode dispersion at high frequen-
cies from dense deployments, with well developed pro-
cedures for analysing ambient noise (e.g., Jiang and
Denolle, 2020). In favourable circumstances, higher-
mode dispersion can also be extracted (e.g., Nayak and
Thurber, 2020; Takagi and Nishida, 2022; Xie et al.,
2025). The advent of distributed acoustic sensing (DAS)
with very high spatial sampling has opened the way for
more consistent observations of higher modes and the
potential for enhanced structural analysis (e.g., Yang
et al., 2024)
Certain classes of environmenthaveproved tobe very

rich in higher mode energy. On ice sheets, the sur-
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face firn layer where snow steadily compacts to form
ice at depth has strong gradients, and surface sources
have produced very clear observations of higher-mode
Rayleigh waves with networks of instruments (Chaput
et al., 2022) and DAS cables (Fichtner et al., 2023; Yang
et al., 2024).
The near surface is a highly variable geological en-

vironment. The variations in modal dispersion across
a network of stations or DAS cable can therefore pro-
vide a means of mapping different classes of structure.
Such classification can be significantly enhanced when
higher-mode dispersion is taken into account. For ex-
ample, the study of Lai et al. (2024) not only demon-
strates substantial variation along an approximately 20-
km-long profile from inversion of fundamental-mode
dispersion, but also presents full observed modal dis-
persion spectra that reinforce the contrasts betweendif-
ferent locations.
The shape of the modal dispersion curves as a func-

tionof frequency andphase velocity provide strong con-
straints on the distribution of shear wavespeed, with
weaker dependence on P-wave speed and density. For
inversion of dispersion information, oftenmodels com-
prising a few uniform layers have been employed even
where the actual number of layers is allowed to be an
inversion parameter (e.g., Hallo et al., 2021; Magrini
et al., 2025). Effective inversion including highermodes
requires correct identification of the modal branches,
which is itself a function of structure.
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Although simplifiedmodels canbe effective, the near-
surface zone frequently contains strong gradients, and
the nature of modal dispersion depends strongly on the
character of such gradients. Aspects of higher-mode
dispersion can be helpful in disentangling the nature of
the wavespeed variation with depth for structures that
have similar fundamental-mode dispersion.
The complication of working with higher modes at

close distances from a source is that the arrivals from
different modes overlap in time and do not have the
class of distinct arrival associatedwith the Airy phase of
the fundamental Rayleigh wave. The higher modes can
also be viewed as arising fromconstructive interference
of multiple reflections from the subsurface (e.g., Ken-
nett, 1983) Their frequencies relate to the delay times
for S-wavepassage that have a strongdependenceon the
depth profile. As a result, the higher-mode spectrum
shows a strong sensitivity to the presence of gradients in
wavespeed and the contrasts at interfaces. For the same
frequency, the higher modes penetrate deeper than the
fundamental mode. But, for the same phase speed, the
depth zone sampled is comparable across the modes.
For a perfectly elastic medium varying in depth, the

dispersion of seismic surface waves can be calculated
working directly with the solution of a suite of differen-
tial equations in depth, as developed by Takeuchi and
Saito (1972). A separate solution is needed for each fre-
quency andmode. But, with care, the full suite ofmodal
dispersion can be extracted for models with arbitrary
gradients and then be employed in inversion for struc-
ture with depth. This approach has been combined
with Backus-Gilbert inversion by Kaplunov et al. (2025)
to investigate multi-mode inversion for both the shear
wavespeed and density profiles in a strong-gradient sce-
nario on the Greenland Ice Sheet.
Here I use the approach of Kennett (2023), work-

ing directly with the seismic response at the surface in
frequency–-phase speed space. This produces the full
modal response for Rayleigh and Love waves, includ-
ing leaking modes and also an indication of the relative
excitation of the different components of the wavefield.
The seismic response is evaluated using many uniform
layers, which forces a discretisationof smoothly varying
gradient zones.
I first consider the way in which multi-modal disper-

sion varieswith the character of thewavespeed gradient
across a single layer and its dependence on layer thick-
ness. I then look at the way in which near-surface prop-
erties modulate the multi-mode dispersion response in
a scenario with a common structure at depth.
The principal tool used is the seismic response in the

frequency–phase speed domain that allows the capture
of all mode branches. As in Kennett (2023), the three-
component response for a surface source is evaluated
on a grid with even sampling in frequency and phase
speed. With colour-coding of the components, the rel-
ative excitation of modal branches can be clearly dis-
played.
In this study, gradients are simulated using fine sam-

pling with thin uniform layers. This choice allows an
investigation of the extent to which a complex gradi-
ent structure can be represented by a limited number of

uniform layers, without significant modification of the
dispersion structure.
A further important aspect of utilising multi-mode

dispersion is the influence of the recording system and
the way that this interacts with the components of the
wavefield. Certain portions of higher-mode branches
can be much stronger on one component than another
and so, depending on the recording system,may bewell
represented or almost absent from the recorded disper-
sion behaviour.

2 Effect of different styles of gradients
The near-surface is a zone of high variability depend-
ing on the geological conditions. Fresh sediments
have weak vertical gradient, whereas weathering and
compaction tend to produce gradient regimes that are
strong at the surface but then reduce with depth.
As an illustration of the way that the wavespeed gra-

dient influences multi-mode dispersion, I consider a
transition from shear wavespeed β0 to β1 across a sin-
gle layer parametrised in terms of normalised depth
z/h where h is the layer thickness. A sequence of S
wavespeed profiles of the form

(1)β(z) = β0 + (β1 − β0)
( z
h

)γ

,

γ = 0.25, 0.5, 1.0, 2.0, 4.0

are accompanied by a single first-order jump from β0 to
β1. In each case, a constant vp/vs ratio of 1.74 has been
used to produce an equivalent P wavespeed distribution
α(z), with density constructed from ρ(z) = 1.0+0.2α(z)
that provides suitable values for the near-surface sce-
nario with unconsolidated materials that are not cov-
ered by the Nafe-Drake relation (Brocher, 2005). The
density values are a little low for P wavespeeds greater
than 1.5 km/s. Surface-wave dispersion is dominantly
controlled by the S-wavespeed distribution β(z), and so
the form of the accompanying densities makes negligi-
ble difference to the response spectra.
In Figure 1, I consider the case with β0 = 0.444 km/s,

β1 = 0.888 km/s, and a layer thickness h of 40 m. Each
of the gradient models is implemented with 0.5-m uni-
form layers in the top 2.0mand 1.0-m thick uniform lay-
ers below. Weak attenuation is used (Qα: 100, Qβ: 50)
so that all modes are visible. The response spectrum in
frequency–phase speed space is calculated for a surface
S-wave source using the approach of Kennett (2023).
The spectra are displayed in Figure 2 using a 200×200
sampling matrix with the three components indicated
by colour. Green is used for the transverse (SH) compo-
nent corresponding to Love waves. For Rayleigh waves,
the radial component is indicated in blue and the ver-
tical component in red. The depth of colour in each
pixel displays the amplitude of the seismic response for
that frequency–phase speed combination. The modal
curves stand out because of their associated large am-
plitude. Themaximumplotted amplitude for all compo-
nents is set the same and so the relative excitation of the
modal branches can be assessed by the apparent width
of the mode branch in the plot. The relative balance of
the radial and vertical components of the Rayleighwave
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Figure 1 Sequence of P and S wavespeedmodels constructed using equation (1), with increasing γ: G401: 0.25, G402: 0.5,
G403: 1.0, G404: 2.0, G405: 4.0. Model G406 has a simple first-order transition. The density of colour increases with the γ
value.

changes the apparent colour to purple mixtures reflect-
ing changes in modal ellipticity at the surface.
For the strongest near-surface gradient (model G401),

only the fundamental mode is visible in the frequency
range up to 40Hz. As the gradients becomemore gentle
the higher modes become evident so that for the linear
gradient model (G403) four higher Rayleigh modes can
be seen, though the first higher mode is poorly excited
for phase speeds below 0.8 km/s. As the wavespeed
gradient reduces further and the contrasts at the base
of the layer are enhanced, osculation points develop
where the Rayleigh mode branches start to approach
each other. This pattern ismost distinct for the scenario
with a first-order jump in wavespeed, but is also notice-
able for model G405. The fundamental Rayleigh mode
is well expressed on both the radial and vertical com-
ponents, but the first higher mode only acquires strong
vertical character once the phase speed exceeds the P
wavespeed at the surface (0.80 km/s).
For a continuouswavespeed profile the spacing of the

modal branches for Love waves at each phase speed is
inversely proportional to the corresponding SH delay
time τSH for the wavespeed model at that phase speed
(Kennett, 1983). As a result, when the layer thickness
is varied similar features emerge in the dispersion be-
haviour at higher frequencies for a thinner layer. The
situation is more complicated for Rayleigh waves be-
cause of P-SVwave coupling, but comparable behaviour
is seen in the zone where P waves are strongly evanes-
cent (up to 0.7 km/s). As demonstrated by Kennett and
Clarke (1983), in this regime thedispersionproperties of
higher-mode Rayleigh waves can be expressed in a very
similar way to that for Love modes.
In Figure 3, I display three wavespeed profiles for γ =

2.0 in equation (1) with layer thicknesses of 20, 30 and
40 m. The corresponding dispersion-response spectra

are shown in Figure 4. The shift in the frequency con-
tent for comparable features is almost exactly inversely
proportional to the layer thickness, and so for both the
Love and Rayleighmodes we see a shift to includemore
mode branches in the frequency window as the layer
thickness is increased. The limited number of modal
branches for thinner layers means that the recognition
of higher-mode dispersion becomes more challenging
where reduced near-surface wavespeeds occupy only
a thin zone. Indeed, we can see a comparable effect
emerging inFigure 2 as thewavespeeds at shallowdepth
decrease when the exponent γ in equation (1) is in-
creased.

3 Composite zones

So far I have considered a single layer with wavespeed
gradients, but a more common scenario is a surficial
zone with lowered wavespeeds overlying a basement
which itself can contain gradients. In this case we
have the scenario of coupled waveguides for surface
waves as discussed in Kennett (2023). Individual higher
modes alternately partake of the character of the shal-
low or deep guide leading to strong patterns of oscu-
lation (kissing) points where modal branches approach
closely.
A set of four wavespeed models are illustrated in

Figure 5. Model H200 has constant shear wavespeed
of 0.2 km/s in the top 20 m overlying a basement
with a steadily increasing wavespeed from 0.5 km/s to
1.7 km/s. The models H201, H202 and H203 have sig-
nificant wavespeed gradients in the surface layer with a
steadily reducing jump inwavespeed into the basement.
Once again the gradient models are rendered with thin
uniform layers. The dispersion spectra for each of the
models are displayed in Figure 6, once again using the
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Figure 2 Three component rendering of the surface response in frequency–phase speed for the sequence of models in
Figure 1 for a surface S-wave source. The transverse component (Love) is shown in green, with the radial component in
blue and vertical component in red for the Rayleigh modes. The maximum plotted amplitude for all components is set the
same, and so the relative excitation of themodal branches can be assessed by the apparent width of themode branch in the
plot. The dispersion is the same for the two components of the Rayleigh wave, and so the apparent colour changes with the
surface ellipticity. Themarkers indicate thewavespeeds associatedwith the different segments of themodels (Figure 1) with
S structure in green and P in red. The solid symbols mark the wavespeeds at the surface, and the open symbols those at the
base.
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Figure 3 P and Swavespeedmodels for variable layer thickness (20m, 30m, 40m) constructed from equation (1) with γ =
4.0. The density of colour increases with the layer thickness.
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Figure 4 Three-component rendering of the surface response in frequency–phase speed for the sequence of models with
variable layer thickness in Figure 3 with a surface S-wave source. The transverse component (Love) is shown in green, with
the radial component in blue and vertical component in red for the Rayleighmodes. Themaximum plotted amplitude for all
components is set the same, and so the relative excitation of the modal branches can be assessed by the apparent width of
the mode branch in the plot. The dispersion is the same for the two components of the Rayleigh wave, and so the apparent
colour changes with the surface ellipticity. The markers indicate the wavespeeds associated with the different segments of
the models (Figure 3) with S structure in green and P in red. The solid symbols mark the wavespeeds at the surface, and the
open symbols those at the base.

three colour rendering with Love modes in green, the
radial component of the Rayleighmodes in blue and the
vertical component in red.

With the lower surfacewavespeeds than in the single-
layer case, the delay times for S reflections are larger
and the modal branches in Figure 6 are shifted to lower
frequency than in Figures 2, 4. The presence of the re-
duced wavespeeds in the surface zone impose a strong

structure on the higher-mode branches. The influence
of the shallow waveguide leads to segments with little
frequency variation, whereas deeper propagation im-
poses more rapid variation with frequency.

The strong wavespeed contrasts at the base of the
surficial layer in models H200, H201 produce a sharp
change in the gradient of alternate mode branches at
the phase speed associatedwith the top of the basement
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Figure 5 Two layer P- and S-wavespeedmodels with a 20m surface layer with lowwavespeed overlying a basement with a
steadily increasingwavespeed. The contrast at the base of the surface layer steadily reduces frommodel H200with a uniform
surface layer to H203 that has pronounced gradient, with also a progressively lighter colour for the profiles.

(0.5 km/s). Very little frequency change occurs over the
phase speed span up to 1.0 km/s. The steeper branches
also tend to show more P-wave character with greater
expression on the vertical component. However, we
also note that the first highermode has weak radial mo-
tionover a broad spanof phase speed (0.5-1.1 km/s)with
little frequency dispersion. At higher phase speeds, we
see the emergence of a group of P-dominatedmodes on
the vertical component.
In the models H202, H203 with stronger gradients in

the top layer and less contrast at the base, the sharp
changes in modal slope are reduced. The P-dominated
modes also become more distinct, cutting across S-
dominated modes because P waves can be trapped for
phase speeds less than 1.7 km/s. This means that in ad-
dition to the multiple waveguides for S wave propaga-
tion we have interaction with P waves as well (see, e.g.,
Kennett, 2023)
The differences in the character of the modal disper-

sion depending on the gradient structure in the surface
layer offers the potential for discriminating between
potential structures in inversion, if sufficient higher
modes are observed and correctly identified. Such in-
version will require a parameterization of wavespeed
flexible enough to provide an effective rendering of gra-
dients.

4 Simplifying structures
In the analysis of the influence of gradients I have used a
fine discretization to ensure that the wavespeed profile
is well rendered. In the absence of direct knowledge of
the actual wavespeed distribution, how far can a struc-
ture be simplified without perceptible modification of
the dispersion spectrum?
In Figure 7, I illustrate a P- and S-wavespeed profile

G523withmodest gradients in depth represented by 1m
thick layers with a total of 55 layers. This is accompa-
nied by two simplified structures with coarser discreti-
sation. Model G512 with 8 layers is arranged to keep S-
wavespeed jumps at the minor layer boundaries below
0.12 km/s, whilst model G511 with 7 layers has larger
steps up to 0.2 km/s.
Figure 8 compares thedispersion spectra forG523 and

G512. Even though thenumber of layers has been signif-
icantly reduced in G512, the dispersion spectra are very
close. Careful inspection reveals slight shifts in the dis-
persion branches for the fourth Rayleigh higher mode
and above, but these almost lie within the width of the
trace for the mode.
In contrast, if we compare the dispersion spectra for

G512 with G511, as in Figure 9 we see that even a slight
reduction in the number of layerswith larger inter-layer
contrasts has led to clear changes in the modal pat-
terns for both Love and Rayleigh modes. The higher
Love modes have shifted to higher frequency, and the
osculation point between the third and fourth Rayleigh
modes has shifted to smaller phase speed and higher
frequency. There are also changes in the inflection of
the different modes for model G511 produced by the
larger inter-layer jumps in wavespeed, e.g., for the fifth
and higher Rayleigh modes for phase speed around
0.6 km/s. The P-dominant mode above 0.8 km/s phase
speed has also shifted upwards by more than 2 Hz and
changed its shape. There is little difference in the char-
acter of the fundamental and first Rayleigh modes, but
higher modes are increasingly affected.
In this example with modest gradients it was possi-

ble to achieve a substantial reduction in the number of
layers employed without changing the character of the
modal spectrum. Typically, keeping wavespeed jumps
at layer boundaries small (below 0.1 km/s) preserves
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Figure 6 Three component rendering of the surface response in frequency–phase speed for the sequence of two layermod-
els in Figure 5 with a surface S-wave source. H200 has a full jump in P and S wavespeed, and the contrast at the interface is
progressively reduced with the inclusion of gradients in the models H201–H203. The transverse component (Love) is shown
in green, with the radial component in blue and vertical component in red for the Rayleigh modes. The maximum plotted
amplitude for all components is set the same, and so the relative excitation of the modal branches can be assessed by the
apparent width of the mode branch in the plot. The dispersion is the same for the two components of the Rayleigh wave,
and so the apparent colour changes with the surface ellipticity. The markers indicate the wavespeeds associated with the
different segments of the models (Figure 5) with S structure in green and P in red. The solid symbols mark the wavespeeds
at the surface, and the open symbols those at the base of the upper layer.
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Figure 8 Three component rendering of the surface response in frequency–phase speed with a surface S-wave source for
the models G523 with 55 layers and G512 with 8 layers. The transverse component (Love) is shown in green, with the radial
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ponents is set the same, and so the relative excitation of the modal branches can be assessed by the apparent width of the
modebranch in theplot. Thedispersion is the same for the two components of theRayleighwave, and so the apparent colour
changes with the surface ellipticity.

themodal behaviour. Thismeans that the discretisation
employed has to bemodel adaptive if maximum simpli-
fication is to be achieved. A reduction of layer count by
a factor of 3–4 is usually possible, but cannot be guaran-
teed. Amodel comprising a few layerswithmajor jumps

in wavespeed is unlikely to provide a good match to the
modal spectrum once gradients in wavespeed are sig-
nificant.

In an inversion where the character of the model is
not known it is tempting to employ approaches with a
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Figure 9 Three component rendering of the surface response in frequency–phase speed with a surface S-wave source for
the models with coarse discretisation of a gradient structure. Model G512 has 8 layers with modest contrasts within layers,
whilst G511 has 7 layers but larger wavespeed jumps. The transverse component (Love) is shown in green, with the radial
component in blue and vertical component in red for the Rayleigh modes. The maximum plotted amplitude for all com-
ponents is set the same, and so the relative excitation of the modal branches can be assessed by the apparent width of the
modebranch in theplot. Thedispersion is the same for the two components of theRayleighwave, and so the apparent colour
changes with the surface ellipticity.

simple parametrisation based on uniform layers. When
the number of layers is itself an inversion variable, good
results can be achieved with few layers for matching
the dispersion of fundamental Rayleigh and Love waves
(e.g., Magrini et al., 2025). As higher-mode information
is added, the dispersion behaviour imposes stronger
constraints on the details of the wavespeed distribution
with depth, and so effectivemodels will need to become
more complex.

5 Influence of recording system
So far I have presented examples with the full three-
component dispersion spectrum, but a further consid-
eration is the way that the recording systems can mod-
ify the character of the observable spectrum. Until re-
cently the density of recording stations has been such
that the extraction of higher-mode information at high
frequencies required fortunate circumstances. The ad-
vent of dense nodal systems and distributed acoustic
sensing (DAS) has provide much denser spatial sam-
pling, and observations of higher modes are becoming
more common.
Cross-correlation approaches have been extensively

used to extract dispersion information from networks
of instruments and have been effective in extracting
fundamental mode properties, since this generally well
excited for the virtual source-receiver pair. There can
be hints of higher modes, but often these are only vis-
ible over limited bands in frequency and phase speed.
The tighter spacing of channels in DAS systems means
that spatial aliasing is avoided and the potential for ex-
tracting highermodes is enhanced. Even in urban envi-
ronments, rich observed dispersion spectra can be ex-

tracted (e.g. Lai et al., 2024) with clear higher Rayleigh
modes.
In Figure 10, I present the three-component disper-

sion spectrumfor themodelH201, shown inFigure 5, to-
gether with the modifications introduced with different
styles of recording. If only vertical component instru-
ments are available somemodal branches almost disap-
pear, e.g., the second higher Rayleigh mode. There are
also complications for the fundamental and first higher
mode – since segments of the two branches almost join
to give an apparently continuous dispersion curve that
is dominated by the first mode. The weak expression of
the true fundamental mode on the vertical component
is a consequence of the rather slow surfacewavespeeds.
For DAS recording the dispersion spectrum is mod-

ulated by the inverse of the phase speed with inclina-
tion factors cos2 ψ for Rayleigh waves and sinψ cosψ
for wavetrains crossing the DAS cable at an angle ψ
(see, e.g., Kennett, 2022a). Love waves are suppressed
for in-line recording (ψ = 0) and have the highest
chance of being visible when the waves cross the cable
at 45 degrees (e.g., Ji et al., 2024). The weighting fac-
tor for phase speed concentrates higher-mode informa-
tion into lower phase speeds, and so such features as
the sharp change in slope of mode branches, due to the
large wavespeed jump into the basement, can resem-
ble the truncation of a branch. Multi-mode observa-
tions in DAS are favoured when the surface wavespeeds
are low. The detailed character of the higher-mode
branches can then provide useful additional constraints
to fundamental-mode dispersion. There remains the
difficulty of correctly identifying the mode branches,
because incorrect association will result in distortions
of the inferred wavespeed profile with depth. Issues
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Figure 10 The modification of the three-component dispersion spectra for model H201, shown in Figure 5, with different
modes of recording. (a) Full response spectrum, (b) vertical component only, (c) DAS system with waves travelling directly
along the cable, (d) DAS cable with waves crossing at 45 degrees. The transverse component (Love) is shown in green, with
the radial component in blue and vertical component in red for the Rayleighmodes. Themaximum plotted amplitude for all
components is set the same, and so the relative excitation of the modal branches can be assessed by the apparent width of
the mode branch in the plot. The dispersion is the same for the two components of the Rayleigh wave, and so the apparent
colour changes with the surface ellipticity.

can arise where a mode has poor expression on the
radial strain response of DAS. This can be seen for
the first higher Rayleigh mode in Figure 10. A com-
parable effect was encountered in work on the Green-
land icesheet (Fichtner et al., 2023) with again the first
Rayleigh higher mode almost absent from the DAS re-
sults, though the second higher mode was very clear.

6 Discussion and Conclusions

The presence of wavespeed gradients has a strong
influence on the character of the modal spectrum,
both for the fundamental mode and for the pattern of
higher modes. The effects of gradients are stronger for
Rayleigh waves than for Love waves. With the aid of
frequency–phase speed dispersion spectra all modes,
both fully trapped and leaking, are represented with an
indication of their relative excitation. Colour coding
of the three components of the spectrum is helpful for

assessing the observability of mode branches, particu-
larly when the influence of the recording system is in-
cluded.

Fundamental-mode dispersion shows strong depen-
dence on the thickness of surficial layers and the con-
trasts at interfaces. The pattern of higher modes has
more sensitivity to gradients because it depends on the
interference of multiple passages of S waves through
the structure. Where available, the additional sam-
pling provided by the higher modes can significantly
improve inferences about the wavespeed distribution
with depth. In particular, the details of higher-mode
behaviour can be helpful in disentangling the nature of
the wavespeed variation with depth for structures that
have similar fundamental-mode dispersion. However,
effective exploitation of higher modes requires flexible
parametrisation of the wavespeed profile with depth
and correct identification of higher-mode branches,
taking into account the nature of the recording system
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employed.
In situations where gradients are anticipated it can

be useful to employ suitable physical models as a ba-
sis for inversion for structure. For example, Yang et al.
(2024) have examined structure at the South Pole using
DAS data from a 8-km-long cablewith excitation by con-
trolled sources. Higher Rayleigh modes to order 8 and
6 P-dominated leaking modes were extracted from the
records. At the South Pole there is annual snow accu-
mulation without melt so that the structure with depth
is almost entirely controlled by compaction. Yang et al.
(2024) used parametrised compaction models together
with calculated frequency–phase speed spectra to in-
vert for the controlling parameters and achieved a ex-
cellent fit to the dispersion behaviour of the observed
modes. In contrast, on the Greenland Icesheet there is
more melting in the summer, and the shallow ice pro-
file ismore complicated. Fichtner et al. (2023) used DAS
observations of a landing aircraft to extract the prop-
erties of 5 higher Rayleigh modes and a couple of P-
dominated leakingmodes. A compactionmodel did not
prove adequate to fit the higher mode dispersion, and
more complex structures were needed in the top 20 m
of the wavespeed profile.
It is common for inversions of even multi-mode dis-

persion data to employ just a few uniform layers. Tests
with a variety of models suggest that adequate repre-
sentation of the full dispersion spectra of gradient sce-
narios requires more layers than might be anticipated,
since contrasts at secondary interfaces need to be kept
small (< 0.1 km/s). The fundamental mode is less af-
fected by the model parametrisation, and higher-mode
information over a fair span of phase speed is needed to
fully characterise gradient behaviour. Even where only
a limited segment of higher-mode branches are recov-
erable their behaviour can be diagnostic. For example,
sharp changes in the slope of higher mode dispersion
branches are suggestive of the presence of strong con-
trasts inwavespeeds between layers but do not preclude
the presence of significant gradients within layers.
Gradient structures can be described in terms of just

a few parameters, and so do not present barriers to in-
version. Such models have, e.g., been used in receiver
function inversion (e.g., Sambridge, 1999). A gradient
zone may well be implemented with a sequence of uni-
form layers, and then it can be advantageous to use
some structural simplification to reduce computational
cost. As noted above a reduction of a factor of 3 is usu-
ally possible without noticeable modification of the dis-
persion pattern.
I here present results for models without any hori-

zontal variation in properties so that the various higher
modes propagate independently. When the local struc-
ture varies slowly compared to the wavelengths of the
surface waves, independent mode propagation is main-
tained. The modal dispersion can still be represented
effectively by a structure varying solely with depth. Dif-
ferences in the modal structure for well separated sam-
pling sites can then provide indications of changes in
structure even where only limited portions of higher
modes are extracted. As noted by Kennett (2023), the
effect of stronger lateral heterogeneity is to introduce

coupling between mode branches that will be most im-
portant when branches are closely spaced. The broad
behaviour of the modal branches associated with gra-
dients will therefore be maintained even in the pres-
ence of near-surface variations. The complications will
be confined to the neighbourhood of osculation points
linked to major structural boundaries. Their influence
will tend to be damped by both the presence of atten-
uation in sedimentary structures and the influence of
recording and processing observations.
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