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Abstract 
The recent development of relatively low-cost Earth observation satellites now provides the ability to image 
the entire Earth’s surface at daily timescales. Such high-cadence imagery has unlocked the ability to examine 
a range of processes at spatial and temporal scales previously inaccessible within coastal science. Here we 
present details on the use of imagery from the Planet Labs constellation of Earth observation satellites to 
examine changes on the Whāingaroa (Raglan) Harbour ebb tidal delta on the west coast of the North Island 
of New Zealand. The time-averaging of stacks of still images captured by oblique land-based cameras has 
been widely used to identify features such as rip channels, nearshore bars, ebb-tidal delta bars and channels, 
among others. Recently, a similar method has been developed to work with collections of satellite imagery 
from a range of government and commercial satellite sensors. By accessing 194 cloud-free images from 2017-
2019 we are able to time-average collections of Planet Labs imagery with the Google Earth Engine (GEE), a 
cloud-based geospatial analytics platform. Using this approach, we can quantify the migration of bars and the 
main channel at the Raglan ebb tidal delta. Additionally, outputs of a high-resolution (5 km) wave hindcast of 
New Zealand waters and local tidal predictions were used to determine the wave conditions and water level at 
the time each image was captured enabling us to examine tidal and wave control on patterns of wave breaking. 
The approach we use is simple and with the growing constellations of commercial and government Earth 
observation satellites has a range of potential applications within coastal dynamics and maritime safety. 
 
Keywords: Ebb-tidal deltas, remote sensing, satellite imagery, Google Earth Engine 
 
1. Introduction 
Ebb-tidal deltas are found fronting many of 
Aotearoa/NZ’s harbours. These deltas are 
comprised of large volumes of sand which form 
dynamic bar and channel systems [1]. The deltas 
are key controls on coastal change by modulating 
alongshore sediment delivery which drives 
downdrift coastal change. Additionally, the shallow 
waters and energetic waves within delta systems 
make them a navigation hazard for vessel operators 
and have been the site of many of NZ’s most deadly 
maritime accidents. Due to the shallow water, 
rapidly changing bathymetry, strong tidal flows and 
complex patterns of wave breaking ETD are 
particularly dangerous and expensive locations to 
gather in situ observations. Despite these 
challenges, hydrographic surveys and field 
observations of ETD are still undertaken alongside 
remote sensing and numerical modelling to resolve 
ETD dynamics [2-4].  
 
Remote sensing studies of ETD have typically 
utilised imagery from ground-based [2,5], airborne 
[6] and spaceborne sensors [7-8] to successfully 
examine ETD dynamics. Ground-based cameras, 
such as those within the Argus or the Cam-Era 
systems, have been widely used to examine 
nearshore processes including rip detection [9], 
ETD dynamics [5] and bar migration [10] based on 
the contrast between broken (bright) and unbroken 
waves (dark) in digital images. When stacks of 
images are time-averaged areas of persistent 
broken and unbroken water become increasingly 

evident. Such techniques are often used to indicate 
the presence of rips where wave breaking is 
relatively low compared to areas adjacent to the rip 
channel, resulting in time-averaged pixels which 
appear dark in a greyscale image. Conversely, 
shallow water over bars forces wave breaking 
resulting in highly reflective surface which appears 
white in a greyscale image.  
 
Recently, this technique has been adapted for 
satellite imagery and applied at ETDs. Ford and 
Dickson [7] time-averaged imagery captured by the 
Landsat 7 and 8 satellites of the Manukau Harbour 
ETD on the west coast of Auckland, New Zealand 
and were able to observed migration of the bars and 
channels of >1 km on decadal timescales. Both 
Landsat 7 and 8 capture 15-30 m resolution imagery 
of the same location every 16 days, or 8 days in 
locations where orbital paths overlap. Ford and 
Dickson [8] addressed the limitation of Landsat 
imagery by utilising commercial imagery from 
Planet Inc. whose satellites capture 3-4 m imagery 
with a near-daily revisit time. A key weakness of 
these previous studies is that the approach does not 
consider the differences in water level or wave 
heights at the time of image capture and can 
therefore bias a record depending on the conditions 
at the time of image capture. For example, optical 
imagery is dependent on cloud-free conditions 
which are more frequent during summer months, 
therefore these image collections are likely biased 
toward periods of lower wave heights during 
summer. Likewise, the ability to examine the 
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patterns of wave breaking on ETD bars under 
different water levels and wave conditions provides 
the potential to develop tools to predict patterns of 
wave breaking at ETD’s. Here we present details of 
the use of imagery from Planet Inc. coupled with 
water level and wave conditions at the time of image 
capture to examine the dynamics of the ETD at 
Raglan/Whāingaroa harbour on the west coast of 
the North Island of New Zealand. 
 
2. Field Setting 
Whāingaroa/Raglan Harbour on the west coast of 
the North Island of New Zealand (Figure 1). The 
harbour is part of a post-glacial drowned river valley 
[11]. The harbour is shallow, with an average depth 
of 2.5 m and a maximum depth of only 18 m. Of the 
harbours ~33 km2 area ~24 km2 is intertidal. The 
Raglan ebb-tidal delta (RETD) complex sits at the 
mouth of the harbour.  The RETD is comprised of a 
shallow (<4 m) swash platform which extends ~2 km 
offshore from the inlet and is ~3 km wide [5] The 
delta is intersected by a channel oriented 
approximately east-west and ~300 m wide [5].   
 

 
 
Figure 1   A & B) The Raglan ebb-tidal delta at the mouth 
of Whāingaroa (Raglan) Harbour on the west coast of the 
North Island of New Zealand. 

 
3. Method 
3.1 Planet satellite imagery 
Planet Inc. is a US-based private company which 
operates the World’s largest constellation of Earth 
Observation (EO) satellites [12]. Unlike traditional 
EO satellite systems which rely on a small number 
of large satellites the Planet constellation consists 
of >100 small 3U ‘Dove’ cubesats (i.e. 3 x 10cm3). 
Collectively, the active constellation of dove 
satellites enables near-daily imaging of the entire 
Earth’s surface. Freely available imagery from 
government operated EO satellites, such as 
Landsat and Sentinel-2, have spatial resolutions 
between 10 and 30 m. In contrast, the best available 
spatial resolution of very high resolution (VHR) 
optical satellites is 30 cm, although these 
resolutions are only available in the panchromatic 
band which captures light from a broad spectrum, 

rather than the multispectral bands (i.e. red, green, 
blue, NIR etc) which are typically 1-2 m in resolution. 
The spatial resolution from the Planet constellation 
is ~3.7 m, fitting between that of the freely available 
government EO data and that from VHR 
commercial satellites. Planet satellites collect 
imagery in a number of ‘channels’ or spectral bands. 
Early Planet satellites collected only visual bands 
(i.e. red, green and blue), whereas more recent 
iterations of the Dove satellites also collect a near-
infrared band and some “super dove” satellites 
capture 8-band imagery at ~3.7 m resolution.  
 
Planet deliver imagery at several different 
processing and calibration levels depending on the 
use of the imagery [12]. In this study we utilised the 
PlanetScope Ortho Tile product which has been 
orthorectified, geometrically and radiometrically 
calibrated and in units of at sensor radiance. All 
imagery we used were first inspected for cloud 
contamination prior to downloading. Images were 
subsequentially converted into units of Top-of-
Atmosphere (TOA) reflectance, which is intended to 
minimise differences between images collected at 
different levels of solar radiance (Figure 2). 
 

 
 

Figure 2   True colour PlanetScope Ortho Tile image of 
the Raglan ebb-tidal delta captured 24-Feb-2019 showing 
the main channel, swash bars, channel margin linear bars 
and breaking on the terminal lobe  (Hs = 3.02 m and water 
level = 0.97 m). 
 

3.2 Oceanographic conditions 
To examine tidal and wave controls on the patterns 
of breaking on the RETD the water level relative to 
chart datum and incident wave height at the time of 
image capture were added as metadata properties 
to each image. This enables the collection of 
images to be filtered based on date, water level and 
wave height. Water level was calculated based on 
Land Information New Zealand (LINZ) tidal 
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predictions for Raglan, with the water level 
calculated at the time of image capture following 
calculations provided by LINZ (for full details see:  
https://www.linz.govt.nz/sea/tides/tide-
predictions/how-calculate-tide-times-heights).  
 
A three-hourly time series of significant wave height 
(Hs) ~10 km offshore of the RETD was generated 
from a wave hindcast. The hindcast is produced by 
Oceanum Ltd. using the SWAN (Simulating Waves 
Nearshore) spectral wave model [13]. The model 
has been run for New Zealand coastal waters at a 5 
km resolution and is forced with ERA5 winds and full 
spectral wave boundaries from a global wave model 
run by Oceanum Ltd. The wave height at the time of 
image capture was calculated by linearly 
interpolating between the wave heights preceding 
and proceeding image capture. 
 
3.3 Data processing 
We used the Google Earth Engine (GEE) to process 
the PlanetScope TOA imagery. The GEE is a cloud-
based application for geospatial data analysis [14]. 
GEE provides access to a wide range of remote 
sensing algorithms which are run on Google’s 
servers, negating the need for high-performance 
local computing. The GEE has been used to study 
a wide range of environments and processes in the 
coastal zone including: shoreline change [15], 
mangroves [16], coral reef islands [17] and ebb-tidal 
delta dynamics [7-8].  Users can access the GEE 
through a web-based code editor, which we used in 
this study, or can be accessed via a Python API.  
 
Within GEE a stack of imagery is referred to as an 
image collection. Users can access existing image 
collections of freely available imagery within GEE 
(i.e. Landsat, Sentinel-2 and others) or can create 
their own image collections stored within GEE. All 
PlanetScope TOA imagery used in this study were 
uploaded into GEE with metadata containing the 
date and time of image capture along with the water 
level and wave height at the time of image capture. 
The imagery was then loaded into an image 
collection. The resultant collection comprised 194 
images captured by between 01/01/2017 and 
31/12/2019.  
 
A range of summary statistics can be calculated 
from an image collection on a per-pixel basis 
through an image collection. Within GEE these 
operations are known as image reductions, where a 
collection of images is reduced to a single output 
image. Many of the common image reductions (i.e. 
mean, median and standard deviation) are 
analogous to methods applied to stacks of imagery 
from terrestrial images captured by the likes of 
Argus or Cam-era systems. Within GEE we derived 
the mean, median and standard deviation through 
the collection of images of the RETD (Figure 3). 
Given each image within the collection had 

metadata fields for date/time, water level and wave 
height we were able to filter the collection of images 
based on these properties prior to running the 
image reductions. For example, we can time-
average all images in a certain date range or those 
within a certain water level or range of wave heights. 
 
4. Results 
4.1 Identifying geomorphic features 
The key features of the RETD were able to be 
readily identified in the mean, median and standard 
deviation reductions of the 2017-2019 image 
collection. The mean and median reduction clearly 
shows persistent breaking on the channel margin 
linear bars, swash bars and along the beach. 
Conversely, both reductions clearly show the 
absence of breaking in deep water offshore, within 
the main channel and within the sheltered waters 
within the harbour. 
 

 
 
Figure 3   Mean (A), median (B) and standard deviation 
(C) reductions through the entire image collection. Note, 
the standard deviation is calculated for all bands, but for 
clarity is presented for only the blue band. 
 

4.2 Change detection 
Subtracting the mean reduction of the 2017 
collection (Figure 4A) from the mean reduction of 
2019 data (Figure 4B) reveals changes in the 
pattern of wave breaking on the RETD (Figure 4C). 
Of note, we observed a potential seaward shift of 
~200 m in the position of the terminal lobe. Likewise, 
changes in the orientation of some of the channel 
margin linear bars are observed, resulting a 
clockwise rotation of the RETD. In general, the 
position of the main channel remained largely stable 
across these time periods. 

 
 
Figure 4   Mean reduction of all A) 2017 imagery and B) 
2019 imagery and the difference in the image intensity 
(i.e. 2019-2017) in top of atmosphere reflectance values 
revealing areas of increased (red) and decrease (blue) 
reflectance indicating changes in wave breaking. 
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4.3 Wave and tide controls on wave breaking 
In order to examine tidal and wave controls on 
breaking, the image collection was filtered into nine 
sub-collections based on water level and wave 
height and each sub-collection time-averaged. Each 
of the nine filtered collections contained a 
combination of the highest, middle, or lowest one-
third of water levels and wave heights from the time 
of image capture. This enables the patterns of wave 
breaking on the RETD to be observed under 
different oceanographic conditions. When water 
levels were high (i.e. images captured during the 
highest one-third of water levels) and wave heights 
were low (i.e. images captured during the lowest 
one-third of wave conditions) waves are rarely 
observed to be breaking on the channel margin 
linear bars (CMLB), terminal lobe or swash bars 
(Figrue 5A). Likewise the surf zone on the beaches 
adjacent to the channel are narrow, indicating 
limited breaking on the bars with only small waves 
(<0.99 m offshore) breaking directly on the beach 
face. Conversely, when water levels are low (lowest 
third) and wave heights are within the highest third 
(>2.51 m offshore) we observe extensive breaking 
across the terminal lobe and on all bars types 
(Figure 5I). 
 

 
 
Figure 5   Mean image reductions of collections of 
PlanetScope TOA imagery from 2017-2019 filtered into 
the highest, middle and lowest one-third of water levels 
and wave heights. 

 
5. Discussion 
By accessing nearly 200 cloud-free, images from 
the Planet constellation of Earth observation 
satellites we are able to time-average the collection 

to reveal patterns of wave breaking on the Raglan 
ebb-tidal delta. The contrast between broken (i.e. 
highly reflective pixels) and unbroken (i.e. dark 
pixels) makes identifying bars and channels 
straightforward. The ability to automate the analysis 
of such a rich collection of imagery using the Google 
Earth Engine makes such analysis scalable and 
without the need for significant local computing 
resources.  
 
The technique we have developed is similar to 
those that have been used for decades to examine 
nearshore processes using fixed terrestrial cameras 
[5,9]. However, the approach has many key 
differences to those applied to oblique imagery from 
ground-based cameras. First, the imagery from the 
Planet constellation provides near-daily global 
coverage. The global coverage of satellite imagery 
provides opportunities to examine processes 
occurring over large spatial scales and in locations 
not accessible through ground cameras. Likewise, 
ground-based cameras are most effective when 
elevated to provide less acute viewing angles, 
whereas satellite imagery is near-nadir view of any 
section of the coast. Second, unlike ground-based 
cameras, satellite imagery provides a uniform 
resolution across the scene in contrast to ground-
based cameras which show more detail in the 
foreground which limits their utility for examining 
large-scale features. Several other factors such as 
harmonised image processing (i.e. geometric and 
radiometric calibration) streamline image analysis, 
while rich archives of Planet imagery which now 
extend several years making analysis of new sites 
readily available. Conversely, there are several 
limitations in the use of optical satellite imagery 
which is often hampered by cloud-cover which 
reducing the number of useable images, particularly 
during winter months. As a result, our collection of 
imagery is biased towards summer months, when 
wave conditions are less energetic.  
 
A key advance in our study is the inclusion of water 
level and wave height at the time of image capture 
which enables us to examine ebb-tidal delta 
dynamics under different forcing conditions (Figure 
5). The ability to couple imagery with oceanographic 
conditions provides the opportunity to examine 
changes in ebb-tidal delta morphology in response 
to episodic and seasonal changes in wave 
conditions. Likewise, the coupled collection of 
imagery and water level and wave heights has the 
potential to be used to develop models to predict 
wave breaking on the RETD and potentially provide 
safety tools for vessels navigating complex ETD 
bar/channel systems. 
 
5.1 Future opportunities 
Imagery from the Planet constellation is one of 
several sources of imagery now available from 
either commercial or government satellites. By 

427

D
ow

nl
oa

de
d 

fr
om

 s
ea

rc
h.

in
fo

rm
it.

or
g/

do
i/1

0.
33

16
/in

fo
rm

it.
25

67
50

99
01

84
17

9.
 o

n 
06

/0
9/

20
26

 0
6:

22
 P

M
 A

E
ST

; U
T

C
+

10
:0

0.
 ©

 A
us

tr
al

as
ia

n 
C

oa
st

s 
&

 P
or

ts
 2

02
1:

 T
e 

O
ra

ng
a 

T
ak

ut
ai

, A
da

pt
 a

nd
 T

hr
iv

e 
, 2

02
2.



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Full Paper Title 
Author Names 

 
including freely available imagery from government 
satellites including Sentinel 2 and Landsat it 
possible to increase the number of observations 
substantially, albeit at lower resolutions. Likewise, a 
number of new commercial satellites have been 
launched or are in development, providing 
opportunities to further improve the sampling 
frequency. Some platforms now capture short (<180 
sec.) video from space which would enable the 
examination of short-term processes including wave 
breaking and runup. 
 
Summary  
Using a rich collection of medium resolution optical 
satellite imagery from the Planet constellation of 
Earth observation satellites we mapped patterns of 
wave breaking on the Raglan ebb-tidal delta. We 
coupled outputs of wave and tidal models with the 
image collection to provide the water level and wave 
heights at the time of image capture enabling 
examination of the pattern of wave breaking under 
different conditions. The technique we have 
developed and presented has considerable 
potential to further understanding of ebb-tidal delta 
dynamics and develop tools for improving safety of 
vessels operating in ebb-tidal delta fronted 
harbours. 
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