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ABSTRACT (250 word limit) 8 

 9 

The response of a 413-meter-tall building to the 12 November, 2017,  Mw 7.3 earthquake 642-10 

km from the building is measured with a GPS receiver located near the top of the building and 11 

operating with a 1 Hz sampling rate.  Nearby GPS and seismic stations measure the ground 12 

motion near the building.  The ground motions have amplitudes of ~40 mm while the top of the 13 

building moves by up to 160 mm.  The building motion continues with levels greater than the 14 

noise level of the GPS measurement for about 15 minutes after the earthquake.  After the ground 15 

motion excitation ends, the building motion decays with a time constant of ~2 minutes and the 16 

beat between the two lowest frequency modes of deformation of the building can be seen.  There 17 

are two large amplitude peaks in the building motion with magnitudes of 120 and 160 mm. The 18 

timing of the peaks is consistent with ground excitation in a 8.3-6.5 second period (120-180 19 

mHz) band which covers the 7.25 and 5.81 second periods (138 and 172 mHz frequencies) of the 20 

fundamental modes of the building.  The ground motions in this band show two large pulses of 21 

the excitation which have timing consistent with the large amplitude building signals. The 22 

response of the top of the building is amplified by an order magnitude over the ground motions 23 

in this band. There is no apparent permanent displacement of the top of the tower. 24 

Keywords Building Earthquake response, seismic surface waves, building fundamental mode 25 

excitation, GPS measurements. 26 

 27 

Short Title: GPS measured response of a tall building due to a distant earthquake (70-characters 28 

max) 29 

 30 

INTRODUCTION 31 
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 32 

There is an increasing number of tall and ultra-high buildings in the world, including the Arabian 33 

Peninsula.  These tall buildings are greatly affected by long trains of seismic waves from 34 

regional earthquakes with the seismic motions being greatly amplified with the increasing height 35 

of the buildings (Shakal et al., 1996; Çelebi and Liu, 1998; Çelebi et al., 2014).  In this paper, we 36 

show the GPS measured response of the tallest building in Kuwait, the Al-Hamra Tower, to the  37 

12 Nov 2017 Mw 7.3 earthquake, 642 km to the north, on the Iran-Iraq border. 38 

 39 

The Al-Hamra Tower is a unique, sculpted building, 413 m tall with 86 floors (Figure 1).  40 

It is a steel, reinforced concrete structure.  The foundation of the tower is supported by 289 41 

reinforced concrete piles, ranging in depth from 22 m to 27 m.  There is an extended apron 42 

shopping mall which is isolated from the tower.  The Tower’s response to ground vibrations has 43 

been calculated using detailed structural design information and finite element modeling (Al-44 

Qazweeni et al., 2018, Sun and Büyüköztürk, 2018). The building vibration has been measured, 45 

with temporary occupations, using one Kinemetrics EpiSensor instrument at the 80th floor of the 46 

Al-Hamra Tower. Many studies have used ambient vibrations to determine the response of 47 

buildings (Kohler et al., 2005; Snieder and Şafak, 2006; Prieto et al., 2010; Sun et al., 2017; 48 

Mordret et al., 2017).  Deformations of the building due to annual and daily temperature 49 

variations have been determined by GPS measurements on the 86th and 80th floors of the building 50 

(Coccia, 2017; Herring et al., 2018).  51 

 52 

The vibrational modes of the Al-Hamra Tower have been determined by ambient noise 53 

monitoring at the 80th floor of the building and GPS measurements at the 86th floor. The most 54 

prominent modes are North/South with a period of 7.1 sec, East/West 5.7 sec period and a 55 

torsional model with 3.1 sec period (Toksöz et al., 2018).  Similar mode periods are obtained 56 

from both ambient noise monitoring on the 80th floor and GPS measurements on the 86th floor.  57 

 58 

The 12 Nov 2017 Mw 7.3 earthquake, with epicenter at the Iran-Iraq border (34.905° N, 59 

45.956° E and 19.0km from IRIS), 642 km NNE of Kuwait City, was widely felt in Kuwait. This 60 

earthquake is a thrust event with fault plane: Strike = 351°, Dip = 16° and Rake = 137° (U.S. 61 

Gelogical Survey [USGS], 2017). The Mw 7.3 earthquake was recorded by both the GPS and 62 
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seismic stations in Kuwait (Figure 2) and is the first distant earthquake recorded by the GPS 63 

building monitoring system. The east component displacement at the top of the Al-Hamra Tower 64 

(~ 16 cm) and at the ground level (~ 4 cm) shows the amplification effects of 4 to 5 times. These 65 

successful GPS measurements of building response shows GPS to be a useful method to evaluate 66 

amplification effects of tall buildings due to seismic ground shaking.  67 

 68 

DATA AND METHOD 69 

 70 

Seismic Sites and Data Analysis 71 

 72 

The Mw 7.3 earthquake was recorded by the Kuwait National Seismic Network (KNSN) 73 

operated by the Kuwait Institute for Scientific Research (KISR) (Gu et al., 2018). The KNSN 74 

consists of six broadband stations (KB, MI, QR, RD, RS and UM) and two short-period stations 75 

(AB and SA) (Gu et al., 2017). The locations of the eight stations are shown in Figure 2b. 76 

Stations KB, QR, RS, UM, AB and SA were operational at the time of the Mw 7.3 earthquake 77 

with KB being the nearest station to the Al-Hamra Tower. We calculated ground displacements 78 

at the KB site (Figure 2c). The broadband seismometers used in this study measure ground 79 

velocity in digital counts which are converted to physical units of mm/s through the known 80 

response function of the instrument.  The displacements are computed by integration of the 81 

velocities in the frequency domain which allows the effects of high and low frequency noises to 82 

be minimized in the integration.  In detail, we first removed the instrument response from the 83 

raw ground velocity by deconvolving the instrument response function and converted the raw 84 

ground velocity in units from COUNTS to nm/s, using the TRANSFER function of the Seismic 85 

Analysis Code (SAC) software (Helffrich et. al., 2013).  A quarter-cycle cosine taper, with unit 86 

response  between 0.0125 Hz (80 sec) and 8.0 Hz (0.125 sec) and zero below 0.01 Hz (100 sec) 87 

and above 10.0 Hz (0.1 sec) , was applied during the deconvolution to dampen the response at 88 

very low and high frequencies. The instrument response files were created at KISR using the 89 

Seisan earthquake analysis software (Havskov and Ottemoller, 1999).  We then converted the 90 

ground velocity to ground displacement. The conversion was implemented by transforming the 91 

time-series velocity seismograms to the frequency domain, converting velocity spectra to 92 
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displacement spectra in the frequency domain and transforming the resultant displacement 93 

spectra to time domain.   94 

 95 

GPS Sites and Data Analysis 96 

 97 

The Al-Hamra building poses challenges for mounting a GPS antenna primarily due to irregular 98 

shape of the top of the building.  This is the world’s tallest sculptured building consisting of a 99 

concrete core with an iconic curtain wall wrapped around the core.  The building’s concrete core 100 

is stone clad outside the curtain wall, and the curtain wall wraps to cover all of the concrete core 101 

except for the south facing façade.  The building was designed by Skidmore, Owings and Merrill 102 

LLP, Chicago (SOM) (https://www.som.com/projects/al_hamra_tower).  In order to mount the 103 

GPS antenna as high as possible, the GPS antenna is installed near the top of the curtain wall in 104 

an accessible area where the supports for the window washing system attaches to the building.  105 

We refer to this site with the 4-character code ALHR.  This location in shown in Figure 3 along 106 

with an image of the GPS antenna protruding ~0.5 meters above the edge of the curtain wall.  107 

There is blockage of the satellite signals in the azimuth range of 240o-300o where the minimum 108 

angle that satellites can be seen can be limited to 40o (azimuth ~265o), i.e. near this azimuth no 109 

satellites are seen with elevation angles less than 40o.  This blockage is due to the rising edge of 110 

the curtain wall.   This edge not only blocks signals but also reflects signals from other directions 111 

resulting in phase errors from the sum of the direct and reflected signals.  These errors are 112 

referred to as multipath.  They increase the root-mean-square (RMS) scatter of ionospheric free 113 

phase residuals to an average of 12 mm for ALHR compared to 9 mm for a typical GPS site (the 114 

GPS site locate at the KISR facility in this case). 115 

 116 

There are two GPS sites that are used as reference sites for measuring the motions of the 117 

top of the tower.  One site is located on the roof of the mall connected to the Al-Hamra Tower 118 

(MLRF), and it suffers from an obstructed sky view partly from the tower itself but more 119 

critically by high-rise buildings to the east of the site.  The MLRF site is only 145 meters 120 

horizontally from the roof site and 370 meters below the Al-Hamra Tower site, ALHR.  121 

However, the site is south of the tower and due to the common inclination of the GPS satellite 122 

orbits (~55o), the region of the sky in which no GPS satellites ever appear is filled with the tower 123 
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and consequently the tower is of little impact.  The buildings to the east have a direct impact on 124 

the quality of the data.  We are evaluating the location of the site and the GPS antenna is 125 

temporarily mounted on a tripod at this location.  There is significant sky blockage at this site 126 

from other buildings, and this diminishes its usefulness as a reference site.  The approximate 127 

location of this site is shown in Figure 2b.  The primary reference site for our GPS processing is 128 

located on a 2-story building at the Kuwait Institute for Scientific Research.  This is permanently 129 

mounted to the building and is referred to a KISP (with the P denoting the permanent site).  KISP 130 

is about 9.4 km from ALHR.  Its view of the sky is largely unobstructed and it generate GPS 131 

phase data of typical quality. 132 

 133 

Multipath effects in GPS have a very general form in that it generates periodic 134 

oscillations in the phase residuals as the relative path lengths between the direct and reflected 135 

signal change.  The general nature of the effects has been well studied including the impact on 136 

the signal-to-noise of the phase measurements (see e.g., Bilich and Larson, 2007).  There are two 137 

characteristics of importance in this paper (1) the period of the phase oscillations and (2) the 138 

repeating nature of the GPS ground tracks that results in the multipath phase errors repeating 139 

each day but occurring approximately 245 seconds earlier each day (Choi et al., 2004).   140 

 141 

The period of oscillation of the multipath error depends on the distance to the reflector 142 

from the GPS antenna and the angular rate of motion of the satellite being evaluated.   Typically, 143 

8-14 GPS satellites can be seen at any time and the position estimate (in kinematic mode where 144 

positions are estimated at every data epoch) will be averaged over the visible satellites.  If some 145 

of the satellites being observed have strong, oscillatory multipath signals, then the position 146 

estimates are also likely to show oscillatory errors.  This type of behavior is often seen from 147 

strong ground reflections.  In the obstructed environment of the ALHR site, it is possible that 148 

oscillatory position changes of the type expected for seismic wave arrivals and the natural 149 

frequency response of the building might arise from multipath.  The details of the multipath 150 

response depend on the exact geometry but we can approximately determine the period of 151 

oscillations based on simple geometric path differences and the angular rate of motions of GPS 152 

satellites.  GPS satellites orbit with a ~12-sidereal hour period and this orbital period sets the 153 

angular rate of motion of the satellites.  Using the standard expressions of the phase error due to 154 
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multipath (Bilich and Larson, 2007), it is easy to derive the minimum period for the multipath 155 

effect of the reflection hl from the antenna is 3440/hl seconds, where hl is the distance in 156 

wavelengths (190 and 255 mm for L1 and L2, respectively) i.e., a reflector one wavelength from 157 

the antenna would be expected to generate oscillations with a period of an hour or more.  In our 158 

analysis, we will be interested in signals with periods less than 10 seconds. To generate such 159 

high frequency signals, reflectors would need to be ~344 wavelengths or 65 meters from the 160 

antenna.  Coherent reflectors at this distance at the top of the building are unlikely. There are 161 

reflecting surfaces at the ALHR site that are within 10 meters of the antenna and reflections from 162 

these surfaces could be expected to generate oscillatory position estimates with periods of about 163 

1 minute.  We do see such behavior in the ALHR kinematic position estimates. 164 

 165 

The other definitive test for multipath we can use is to examine the behavior of the 166 

position estimates the days before and after the day of interest.  Since the satellite orbits repeat, 167 

multipath signals will repeat each day (shifted by ~245 seconds) and if the same data and 168 

parameterization are used each day for the position estimates, the multipath error will map into 169 

the position estimates in the same way each day.  This repeating pattern is the basis of sidereal 170 

filtering of high rate kinematic positioning (Genrich and Bock, 1992, Choi et al., 2004, Agnew 171 

and Larson, 2007). We use this approach to evaluate the possible impact of multipath but we do 172 

not apply any corrections for multipath using this approach because the effects are small enough 173 

not to warrant it.   To mitigate the effects of multipath on the position estimates and to better 174 

show the seismic signals arrivals, we analyze the residual station position motions after removing 175 

a smoothed version of the estimates.  For convenience, we use a locally weighted regression, 176 

LOESS, algorithm, (Cleveland, and Devlin, 1988) with a 60-second span.  The details of this 177 

smoother do not affect the interpretation of the seismic arrivals which have much shorter periods.  178 

The filter reduces the visual impact of the longer period multipath contributions to the position 179 

estimates.  Genrich and Bock (2006) and Saunders et al. (2016) have previously noted GPS 180 

multipath effects at seismic frequencies are generally small but at longer periods (1 minute and 181 

greater) they can be large.  At these longer periods, errors in modeling and estimating 182 

atmospheric delays can also be large as noted in the above references. 183 

 184 
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The GPS data analyzed for this paper were collected with a 1-Hz sampling rate with 3 185 

receivers in Kuwait, all within 10 km of each other, and receivers from other locations that are 186 

operated as part of the International GNSS Service (IGS) global network (Dow et al., 2009).   187 

Table 1 summarizes the locations of the GPS and seismic sites used in this paper.  The locations 188 

of the earthquake and the GPS and seismic stations are shown in Figure 2 with detailed locations 189 

in Figure 2b.  For the analyses presented here, we rely mostly on the GPS data from the Kuwait 190 

sites, KISP and ALHR, and the Haifa, Israel IGS site, BSHM.  The other GPS sites were used to 191 

validate the results from the primary GPS sites.  The GPS antennas at all of the primary sites 192 

were mounted on building rooftops but all these buildings were low (a few stories high) except 193 

for the one which is mounted at the 86th floor of the Al-Hamra Tower in Kuwait City (ALHR).   194 

 195 

The GPS data from these receivers were analyzed using the MIT GAMIT/GLOBK GPS 196 

analysis package (Herring et al., 2017) in kinematic mode.  In this style of analysis, one station is 197 

held fixed and the positions of the other sites are estimated relative to the fixed station.  The 198 

positions of the site are estimated at the sampling rate of the GPS carrier phase and pseudorange 199 

measurements (1Hz).  The GPS data were processed in the linear combination of the L1 (1.575 200 

GHz) and L2 (1.227 GHz) measurements which removes the dispersive effects of the Earth’s 201 

ionosphere.  This combination is referred to as the ionospheric free observable.  The orbits of the 202 

GPS satellites were fixed at the values given by the IGS final orbit product (Dow et al., 2009).  203 

The one hour data (18:00-19:00 GPST) that spans the earthquake were processed for the day 204 

before, after, and the day of the earthquake.  The data of the non-earthquake days were processed 205 

to estimate the noise levels in the position estimates on the day of the earthquake.  Errors in the 206 

satellite and ground stations clock, which directly map in to the phase and pseudo-range 207 

measurements, were not estimated but rather these parameters were eliminated from the 208 

observation equations by differencing data between satellites and station.  This method of 209 

processing is referred to as double differencing.  In double differences, the numbers of cycles of 210 

phase related to the initial unknown phase of the satellite and station oscillators when a receiver 211 

first starts tracking a satellite, should be integer if all the correct calibrations and antenna phase 212 

centers are used.  These initial phase values are often referred to as ambiguities.  The values of 213 

the ambiguities are initially estimated as fractional values (i.e., non-integer value).  In many 214 

cases, the number of integer cycles can be determined from the fractional estimates.  These 215 
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integer values are fixed in the kinematic data processing (see Bock and Melgar (2016) for recent 216 

review of GPS processing algorithms and applications).  For the processing, here 80-100% of the 217 

ambiguities could be fixed to integer values depending on specific stations and the site 218 

separations.  Fewer ambiguities are fixed in analyses with widely separated sites (1000-2000 219 

km).   220 

 221 

In addition to the kinematic site position estimates every second, the values of the 222 

number of cycles of phase (expressed as the L1/L2 linear combination) that could not be fixed to 223 

integer values and one constant differential atmospheric delay between each station and the 224 

reference station were included in the Kalman filter state vector.  A smoothing Kalman filter was 225 

used resulting in non-integer phase ambiguities being constant for the smoothing loop.  The 226 

process noise values for the position estimates are large and hence the “smoothing” filter does 227 

not smooth the position estimates.  It is used so that estimated ambiguities and atmospheric delay 228 

estimates are constant. 229 

 230 

There is always an issue of possible motions of the reference station for earthquake 231 

studies using differential GPS processing.  Ideally, the reference station is far enough away from 232 

the earthquake or is in a null in the radiation pattern so that it does not have any motion from 233 

propagation of seismic waves.  The GPS sites in Table 1 outside of Kuwait were chosen to 234 

evaluate possible motions of different reference sites. Table 2 gives the distances and azimuths 235 

between the earthquake epicenter and various GPS and seismometer sites.  The Kuwait reference 236 

site (KISP) and the Al-Hamra 86th floor site (ALHR) are about 640 km from the epicenter and 237 

their epicentral distances differ by only 1.7 km.  This similarity in distance suggests that the 238 

ground motion at KISP and ALHR should occur at about the same time and be of similar 239 

magnitude if the site conditions are similar at the two locations.  The KB seismic station is 12 km 240 

further from the epicenter indicating that arrivals there could be 2-3 seconds after arrivals at 241 

KISP depending on the wave type.  The primary GPS reference site outside of Kuwait that we 242 

use is the BSHM site.  It is 1038 km from the epicenter, indicating that arrivals there will be later 243 

than KISP and should be diminished by the greater distance.  Results will be presented using 244 

BSHM and KISP GPS sites as base stations.  The motions of ALHR relative to BSHM will give 245 

the absolute motion of ALHR provided BSHM is not strongly affected by the earthquake, and 246 
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motions relative to KISP will give the building response provided the ground motion at KISP 247 

and Al-Hamra are the same.  The GPS data from the Al-Hamra Mall site (MLRF) can validate 248 

this latter assumption, but the results from MLRF site are noisier than other sites partly due to the 249 

obstruction of the sky view by the Al-Hamra Tower and other high rise buildings (see the 250 

supplementary materials).. 251 

 252 

 253 

GROUND SURFACE AND BUILDING MOTIONS 254 

 255 

The 1-Hz GPS data from the local Kuwait and global GPS stations have been analyzed multiple 256 

times using different station selections and parameter settings in the GAMIT/GLOBK kinematic 257 

Kalman filter program (track).  These analyses were aimed at assessing whether significant 258 

seismic signal arrivals at the reference station used for kinematic positioning could be detected 259 

and whether the response of the Al-Hamra building could be separated from the ground motion 260 

at the base of the building.  The results presented here are our assessments of these questions.   261 

 262 

The nearest IGS GPS site that records 1 Hz data is BSHM and is located in Haifa, Israel.  263 

This site is just over 1000 km from the epicenter and surface wave arrivals at about 400 seconds 264 

after the event might be expected.  To test if these arrivals may have affected the Kuwait results, 265 

we processed the Kuwait GPS sites relative to this station and relative to the four other distant 266 

sites shown in Table 1.   The motions at the Kuwait sites were similar for all these reference sites 267 

indicating that seismic induced motions at BSHM are likely to be less than 10 mm.  Directly 268 

processing the BSHM data relative to KIT3 and NICO and using the same analysis methods as 269 

used for the Kuwait sites shows no motions greater than 8 mm in the horizontal components at 270 

the time of the expected arrivals.  We also obtained broadband seismic data from the seismic 271 

station in Malkishua, Israel (MMLI) and integrated these data to displacement (see Data and 272 

Resources section).  These results show surface wave arrivals between 300 and 400 seconds after 273 

the earthquake with amplitudes of ~5mm.  These amplitudes are much less than the arrivals at 274 

the Kuwait stations. 275 

 276 
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The three main GPS results are shown in Figures 4-6. The comparison of measured 277 

displacements from GPS station KISP w.r.t. BSHM/ALHR w.r.t. BSHM and seismic station KB 278 

is shown in Figure 4 and 5. The motions are shown in the north, east and up directions for the 15 279 

minutes following the earthquake with the LOESS robust smoothed signal with a span of 60 280 

seconds removed from the GPS time series.  The seismic results have been offset in time by 2.5 281 

seconds to account for the different epicentral distances. In Figure 6a, we also show the ambient 282 

noise spectra from one Kinemetrics EpiSensor accelerometer at the 80th floor of the Al-Hamra 283 

Tower. Average spectra for 3 July, 2017, were computed with a 600 s moving window. We 284 

marked the longest six periods of the building. Figure 6b shows the horizontal motions of ALHR 285 

relative to KISP.  If the motions at KISP are the same as the ground motions at the Al-Hamra 286 

site, then this figure’s motions show the building response to the earthquake ground motions.  287 

 288 

 Several features are immediately apparent in the figures.  The peak ground motions at the 289 

KISP GPS site and KB seismic site see a strong Love wave arrival at about 195 seconds after the 290 

event and a Rayleigh wave at 270 seconds.  The peak amplitudes of these waves are <50 mm.  291 

The details of the seismic and GPS position changes differ most likely due to the different 292 

locations of the sensors.  (The large peak in the north component at the KB site between 230-240 293 

sec is not seen at either of the GPS sites at KISP or MLRF. Both of these locations are much 294 

closer to the downtown area of Kuwait city).  An S-wave arrival can be seen in the seismic signal 295 

at 155 seconds.  This arrival is at the noise level in the GPS time series at KISP.  The motions at 296 

ALHR are much larger as would be expected given the height of the building.  The S-wave 297 

arrival at 155 seconds is very clear and the peak at this time has amplitudes of ~15 mm with 298 

respect to BSHM and a slightly smaller value of ~12 mm relative to KISP. A large amplitude 299 

signal at ALHR, ~120 mm, occurs at 210 seconds is due to the response to the Love wave, but 300 

the largest amplitude oscillations occur at 353 seconds with amplitudes of ~160 mm (from the 301 

vector sum of the east and north displacements) are due to the response of the Airy phase of 302 

Rayleigh waves.  After these large peaks, there is largely an exponential decay of the signal 303 

amplitude with a time constant of ~2 minutes (e-folding time i.e., the length of time needed for 304 

the signal to decay to 1/e (~37%) of its original amplitude).  There is also a beat signal present 305 

during the decay with a period of ~30 seconds.  This beat, with its almost total cancellation in the 306 

North components, is consistent with equal amplitude signals at the first two bending modes of 307 
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the building with periods of 7.27 and 5.82 seconds (measured with GPS), and 7.09 and 5.70 308 

seconds (measured with accelerometer).  The same beat can be seen in the east component, but in 309 

this case the amplitudes of the two modes differ.   310 

 311 

The motions in Figures 5 and 6 look very similar but there is one very clear difference in 312 

the height component.  The Rayleigh wave height component is very clear in Figure 5 but cannot 313 

be clearly seen in Figure 6.  This behavior is consistent with the Rayleigh wave being similar in 314 

amplitude and timing at the KISP and ALHR locations (also suggested by the seismic KB 315 

results) and that the building acts passively with respect to these waves as would be expected i.e., 316 

the building simply moves up and down with the motion of the ground.  Although vertically 317 

propagating waves are expected to be excited by the ground motions, the GPS results do not 318 

have the sensitivity to see these effects. 319 

 320 

There are two large pulses of the amplitudes in the ALHR response with the largest 321 

amplitudes occurring ~350 seconds after the earthquake and ~200 seconds after the first response 322 

of the building.  The peak amplitude ground motion occurs at ~270 seconds after the earthquake 323 

and this is 80 seconds before the largest amplitude building motions.  The excitation of the 324 

building was studied by computing the moving average amplitude of the amplitude computed 325 

over a moving 10-sec window to generate a measure of the response of the building.  (Increasing 326 

this window length smooths the response but does not affect the nature of the response.)  The 327 

building has two fundamental bending modes with periods of 7.25 and 5.81 seconds (frequencies 328 

of 138 and 172 mHz) as measured by GPS. To assess the power of the ground motions in this 329 

frequency band, the GPS and seismic ground motions were bandpass filtered between 120 and 330 

180 mHz (period range 8.3-6.5 seconds) and their moving average RMS amplitude over 10-331 

second windows computed.  The comparison is shown Figure 7.  For clarity in this figure, the 332 

amplitude of the ground excitation has been multiplied by a factor of 10.  This factor implies the 333 

building response is 10 times larger in this frequency band than the ground motions.  334 

 335 

DISCUSSION AND CONCLUSIONS 336 

 337 
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The installation of GPS antennas on and around tall buildings can be difficult due to obstructions 338 

and the effects of signal reflections from nearby structures.   In the results presented here, 339 

obstruction issues arise but still for the GPS antenna mounted near the top of the Al-Hamra 340 

Tower they have not prevented the detailed measurements of the response of the building to a 341 

distant Mw 7.3 earthquake.  We are able to measure the motions of the top of the Al-Hamra 342 

building relative to a very distant GPS site (~1300 km away) and nearby GPS sites 9 kilometers 343 

and 140 meters away.  The nearest GPS site near the base of the tower is noisy due to 344 

obstructions from other nearby buildings in downtown Kuwait City.  Its motions are similar to 345 

the 9 km distant site at the Kuwait Institute for Scientific Research (KISR) and, in this initial 346 

analysis, we have taken the motion at KISR to represent the ground motions at the base of the 347 

Al-Hamra Tower.  We have used GPS data collected the days before and after the earthquake to 348 

determine the noise levels in the GPS measurement in the absence of earthquake excitations.  For 349 

the ALHR 86th floor GPS receiver, the root-mean-square (RMS) scatters of the north, east and 350 

height 1-Hz position measurements are 2.1, 2.8, and 4.7 mm, respectively.  The earthquake 351 

induced motions have amplitudes of up to 160 mm in north and east, and 30 mm in height. 352 

 353 

The GPS sites are near the sea located on the so-called coastal flats (Al-Sulaimi and 354 

Mukhopadhyay, 2000) while the KB seismic station is located on the sand flats (ibid).  Both 355 

locations are part of the undifferentiated Fars and Ghar formations.  Abdel-Fattah et al., (2013) 356 

report that the underground soil sediments in most of Kuwait City can be broadly classified into 357 

two types based on the shear-wave velocity in the upper 30 m of soil/bedrock materials. The 358 

estimated shear wave Vs30 values ranged between 280 m/s and 510 m/s.  The precise details of 359 

the geology of the region and the properties of shallow geotechnical layer are not that critical to 360 

this study.  For the long period waves used in this study, where wavelengths are between 3 and 361 

30 km, local variations in shallow (<100 m) geotechnical properties do not have significant 362 

effects on ground displacements.  363 

 364 

The November 12, 2017 Mw 7.3 earthquake, 642-km from Kuwait on the Iran-Iraq 365 

border, induced ground motions of ~40 mm amplitude.   The top of the Al-Hamra Tower moved 366 

with amplitudes of up to 160 mm and motions detectable with GPS persisted for about 15 367 

minutes after the earthquake and for about 12.5 minutes after the S-wave arrival at the tower.  368 
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After excitation from the earthquake subsided about 350 seconds after the event, the building 369 

response can be seen to decay with ~2-minute e-folding time.  The beat between the building’s 370 

two fundamental modes, with frequencies of 138 and 172 mHz, was responsible for the 371 

increasing and decreasing amplitudes of the measured oscillations. 372 

 373 

The response of the building appears to be directly related to the power in the frequency 374 

band between the two fundamental modes of the building.   Within the band, the building 375 

motions are amplified by about an order of magnitude.  There are two main pulses of energy in 376 

this band and the building responds with two episodes of shaking.   For building occupants, the 377 

motions could be disturbing because the initial oscillations with an amplitude of ~100 mm 378 

decays over a minute or so but are then is followed about 2 minutes later by larger 150 mm 379 

amplitude oscillations.  The period of the oscillations is about 6.5 seconds and there is a beat 380 

envelope with a period of ~30 seconds.  During the decay of the oscillations, the amplitudes of 381 

the two fundamental modes in the north direction are very similar and their beat decays almost to 382 

zero amplitude each cycle.    383 

 384 

After about 15 minutes the oscillations of the building have decayed and there is no 385 

evidence of any permanent static displacement of the building.   The full assessment of the static 386 

offset is complicated by the large thermal deformations of the building that we are still assessing.  387 

There is a finite element model of the building and it should be possible to compute the response 388 

of all floors of the tower to the ground motions.  This detailed analysis, including determination 389 

of the Q of the building is in progress. 390 

 391 

 392 

DATA AND RESOURCES 393 

 394 

Sources of data: 395 

IGS GPS site location information. 396 

http://www.igs.org/igsnetwork/network_by_site.php?site=bshm 397 

other site= values are nico, ista and kit3. 398 

Data downloaded from: 399 
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ftp://cddis.gsfc.nasa.gov/gps/data/highrate/2017/<doy>/17d/18/ 400 

where doy is day of year.  18 is 18:00 GPS time and the bshm files are in 4 minutes pieces which 401 

were re-combined in to a single 1-hr file. 402 

 403 

Images for Figure 2 were obtained and modified from 404 

http://www.som.com/projects/al_hamra_tower.   Line drawings downloaded from 405 

https://images.adsttc.com/media/images/55e8/9e35/46fe/9f47/e100/00e8/slideshow/al-hamra-406 

firdous-tower-14.jpg?1441308208. For details of the tower see . 407 

http://www.alhamra.com.kw/business-tower/facts-figuress/,  Last accessed August 21, 2018. 408 

 409 

Earthquake data used in this study were obtained from Kuwait the KNSN. The KNSN data are 410 

available upon request with approval from the Kuwait Institute for Scientific Research. 411 

 412 

Seismic data from Malkishua, Israel (MMHI) is part of the Israel seismic network operated by 413 

the Geophysical Institute of Israel (http://seis.gii.co.il/en/network/seismicNetwork.php).  Data 414 

were downloaded through IRIS data services https://ds.iris.edu/wilber3/find_stations/10485707 415 

with network code IS used. Links last accessed August 21, 2018. 416 

 417 
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 514 
List of figure captions 515 

Figure 1. The photograph of Al-Hamra Tower, Kuwait City, Kuwait.  (For details about the 516 

building see data resources link) 517 

Figure 2. Map of earthquake and of main GPS and seismic stations used in this paper. (a) The 12 518 

Nov 2017 Mw 7.3 earthquake and GPS and broad-band seismic stations in a geographic map. 519 

The blue star shows the hypocenter of the earthquake, the blue beach ball shows the source 520 

mechanism, the yellow circle is the Kuwait City, the red rectangle is region that Kuwait National 521 

Seismic Network (KNSN) covers, the white diamond shows GPS station BSHM in Israel, the 522 

white triangles show station RAYN in Saudi Arabia and station UOSS in UAE. This earthquake 523 

was widely felt in Kuwait. (b) The two GPS stations (red diamonds) – KISP at the roof of a 2-524 

story building at the Kuwait Institute for Scientific Research (KISR) and ALHR on the top of the 525 

Al-Hamra Tower – and eight stations of KNSN throughout Kuwait (green triangles). (c) The 526 

ground displacements calculated from the seismograms at KB site (red lines). (d) The measured 527 

displacements from GPS station KISP w.r.t. BSHM (black lines). The blue and green lines are 528 

GPS measured displacements of KISP w.r.t. BSHM on the day before and after the earthquake, 529 

processed in the same way as the GPS data due to the earthquake. The RMS scatter of the non-530 

earthquake traces, shown as error bars at the start of data, are 2.3, 2.0, and 4.3 mm in the North, 531 

East and Up directions. 532 
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Figure 3. Location of the GPS antenna at the 86th floor of the Al-Hamra building viewed from 533 

the south east (a) and close to east as a line drawing (b).  Insert (c) shows the GPS antenna 534 

mounted about half a meter about the curtain wall.  The sky view from the 86th floor site, 535 

ALHR, is only partly obstructed by the building.  There is also a site located on the Mall roof 536 

site, MLRF, which is obstructed by this and other buildings in the area.   537 

Figure 4. The comparison of measured displacements from GPS station KISP w.r.t. BSHM 538 

(black lines) and seismic station KB (red lines). The origin time of KB has been offset by 2.5 539 

seconds to account for the different distance to the epicenter. The blue and green lines, offset for 540 

clarity, are GPS measured displacements of KISP w.r.t. BSHM on the day before and after the 541 

earthquake, processed in the same way as the GPS data due to the earthquake. The RMS scatter 542 

of the non-earthquake traces, shown as error bars at the start of data, are 2.3, 2.0, and 4.3 mm in 543 

the North, East and Up directions. 544 

Figure 5. The comparison of measured displacements from GPS station ALHR w.r.t. BSHM 545 

(black lines) and seismic station KB (red lines). The blue and green lines, offset for clarity, are 546 

GPS measured displacements of ALHR w.r.t. BSHM on the day before and after the earthquake, 547 

processed in the same way as the GPS data due to the earthquake. The RMS are 2.1, 2.8, and 4.7 548 

mm in the North, East and Up directions. 549 

Figure 6. (a) Amplitude spectra, calculated using ambient noise data recorded by one 550 

Kinemetrics EpiSensor instrument, at the 80th floor of the Al-Hamra Tower.  Average spectra for 551 

data collected on November 25, 2014, were computed with a 600 s moving window. (b) The 552 

GPS measured north and east displacements from station ALHR w.r.t. KISP (black lines). The 553 

blue and green lines, offset for clarity, are GPS measured displacements of ALHR w.r.t. KISP on 554 

the day before and after the earthquake, processed in the same way as the GPS data due to the 555 

earthquake. The RMS scatter of the non-earthquake traces, shown as error bars at the start of 556 

data, are 2.0, 3.0 in the north and east directions. 557 

Figure 7. The black line shows the horizontal moving window average amplitude of ALHR 558 

w.r.t. KISP filtered between 120 and 180 mHz (periods 8.3-5.6 seconds).  The red (KB site) and 559 

blue (KISP GPS site) show the same type of analysis with the amplitudes multiplied by 10.  All 560 

amplitudes are smoothed by a 10 sec moving average window. 561 

 562 
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Tables 580 

Table 1: Locations of GPS and seismic sites 581 

 582 

Description  Code Latitude Longitude Ellipsoidal 

Height 

  (deg) (deg) (m) 

 Mw 7.3 Iran/Iraq Earthquake   34.905 45.956 -19 km (depth) 

 Haifa, Israel BSHM 32.779 35.023 225.073 

 KISR, Kuwait KISP1 29.341 47.907 0.575 

 86th floor, Al-Hamra, Kuwait ALHR1 29.379 47.993 388.248 

 Mall Roof, Al-Hamra, Kuwait MLRF1 29.378 47.993 17.923 

 Kitab, Uzbekistan KIT3 39.135 66.885 622.532 

 Nicosia, Greece NICO 35.141 33.396 190.006 

 Istanbul, Turkey ISTA 41.104 29.019 147.240 

 KB seismic station, Kuwait  KB 29.176 47.692  
1The GPS systems in Kuwait (ALHR, KISP, MLRF) use Trimble™ NetR9 receivers, tracking 583 

only GPS signals, with Trimble™ Zephyr GNSS Geodetic II (TRM57971.00) antennas. 584 

 585 

Table 2: Distances and Azimuths between locations and sites in Table 1. 586 

 587 

 Location/Site Site Distance Azimuth 

    (km)   (deg) 

 Earthquake Epicenter KISP    643.86 162.86  

 Earthquake Epicenter ALHR    642.13 162.03  

 Earthquake Epicenter MLRF    642.26 162.04  

 Earthquake Epicenter KB    656.06 165.06  

 Earthquake Epicenter BSHM   1038.43 259.97  

 Earthquake Epicenter KIT3   1915.94  69.66  

 Earthquake Epicenter NICO   1145.76 274.92  

 Earthquake Epicenter ISTA   1635.20 299.90  

 BSHM KISP   1286.44 103.82  



 21 

 BSHM ALHR   1292.78 103.51  

 KISP ALHR      9.39  62.82  

 KISP KB     27.78 228.96  

 KISP KIT3   2051.93  53.02  

 KISP NICO   1509.18 298.95  

 KISP ISTA   2150.65 312.41  

 ALHR MLRF 0.14 190.72 

 ALHR KIT3   2042.68  53.02  

 ALHR NICO   1514.43 298.70  

 ALHR ISTA   2153.95 312.23  

  588 
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 590 

Figures: 591 

 592 

 593 

Figure 1. The photograph of Al-Hamra Tower, Kuwait City, Kuwait.  (For details about the 594 
building see data resources link) 595 
 596 

 597 
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 598 

Figure 2. Map of earthquake and of main GPS and seismic stations used in this paper. (a) The 12 599 

Nov 2017 Mw 7.3 earthquake and GPS and broad-band seismic stations in a geographic map. 600 

The blue star shows the hypocenter of the earthquake, the blue beach ball shows the source 601 

mechanism, the yellow circle is the Kuwait City, the red rectangle is region that Kuwait National 602 

Seismic Network (KNSN) covers, the white diamond shows GPS station BSHM in Israel, the 603 

white triangles show station RAYN in Saudi Arabia and station UOSS in UAE. This earthquake 604 

was widely felt in Kuwait. (b) The two GPS stations (red diamonds) – KISP at the roof of a 2-605 

story building at the Kuwait Institute for Scientific Research (KISR) and ALHR on the top of the 606 
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Al-Hamra Tower – and eight stations of KNSN throughout Kuwait (green triangles). (c) The 607 

ground displacements calculated from the seismograms at KB site (red lines). (d) The measured 608 

displacements from GPS station KISP w.r.t. BSHM (black lines). The blue and green lines are 609 

GPS measured displacements of KISP w.r.t. BSHM on the day before and after the earthquake, 610 

processed in the same way as the GPS data due to the earthquake. The RMS scatter of the non-611 

earthquake traces, shown as error bars at the start of data, are 2.3, 2.0, and 4.3 mm in the North, 612 

East and Up directions. 613 

614 
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 615 
Figure 3. Location of the GPS antenna at the 86th floor of the Al-Hamra building viewed from 616 

the south east (a) and close to east as a line drawing (b).  Insert (c) shows the GPS antenna 617 

mounted about half a meter about the curtain wall.  The sky view from the 86th floor site, 618 

ALHR, is only partly obstructed by the building.  There is also a site located on the Mall roof 619 

site, MLRF, which is obstructed by this and other buildings in the area.   620 
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 622 

Figure 4. The comparison of measured displacements from GPS station KISP w.r.t. BSHM 623 

(black lines) and seismic station KB (red lines). The origin time of KB has been offset by 2.5 624 

seconds to account for the different distance to the epicenter. The blue and green lines, offset for 625 

clarity, are GPS measured displacements of KISP w.r.t. BSHM on the day before and after the 626 

earthquake, processed in the same way as the GPS data due to the earthquake. The RMS scatter 627 
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of the non-earthquake traces, shown as error bars at the start of data, are 2.3, 2.0, and 4.3 mm in 628 

the North, East and Up directions. 629 

  630 
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 631 

Figure 5. The comparison of measured displacements from GPS station ALHR w.r.t. BSHM 632 

(black lines) and seismic station KB (red lines). The blue and green lines, offset for clarity, are 633 

GPS measured displacements of ALHR w.r.t. BSHM on the day before and after the earthquake, 634 

processed in the same way as the GPS data due to the earthquake. The RMS are 2.1, 2.8, and 4.7 635 

mm in the North, East and Up directions. 636 
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 637 



 30 

Figure 6. (a) Amplitude spectra, calculated using ambient noise data recorded by one 638 

Kinemetrics EpiSensor instrument, at the 80th floor of the Al-Hamra Tower.  Average spectra for 639 

data collected on November 25, 2014, were computed with a 600 s moving window. (b) The 640 

GPS measured north and east displacements from station ALHR w.r.t. KISP (black lines). The 641 

blue and green lines, offset for clarity, are GPS measured displacements of ALHR w.r.t. KISP on 642 

the day before and after the earthquake, processed in the same way as the GPS data due to the 643 

earthquake. The RMS scatter of the non-earthquake traces, shown as error bars at the start of 644 

data, are 2.0, 3.0 in the north and east directions. 645 

 646 
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 648 
Figure 7. The black line shows the horizontal moving window average amplitude of ALHR 649 

w.r.t. KISP filtered between 120 and 180 mHz (periods 8.3-5.6 seconds).  The red (KB site) and 650 

blue (KISP GPS site) show the same type of analysis with the amplitudes multiplied by 10.  All 651 

amplitudes are smoothed by a 10 sec moving average window. 652 
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