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Abstract
Satellite remote sensing methods related to
terrestrial hydrology hold promise for the
future, but their current utility for aquifer
characterisation is highly questionable.
One objective of the GNS SMART aquifer
characterisation (SAC) project called for
assessing the potential application of satellite
remote sensing methods to characterise
New Zealand aquifers. Four methods were
specified in the project proposal: (1) using
GRACE satellite gravimetry to indicate
seasonal change in groundwater volume
over large areas; (2) using interferometric
synthetic aperture RADAR (InSAR) to
evaluate seasonal changes in groundwater
volume caused by groundwater abstraction at
a finer spatial scale than GRACE; (3) using
satellite estimates of precipitation (P) and
evapotranspiration (ET) to estimate rainfall
recharge by their difference (i.e., P – ET); and
(4) satellite thermal infrared (TIR) imagery to
identify zones of groundwater inflow to rivers.
Two additional methods came up during the
assessment: (1) estimation of soil moisture
from satellite remote sensing data, both with
regard to its role in groundwater recharge
and as a surrogate for identifying variation in
depth of the shallow groundwater table; and
(2) modelling of an equilibrium water table
to estimate water table depth using satellite
remote sensing input data.

The first step of the project for this objective
was a review of the world-wide scientific
literature in order to decide which methods
had potential for improved characterisation
of New Zealand aquifers and should proceed
to testing in New Zealand catchments. This
review indicated that five of these six methods
are not currently useful for this purpose in
New Zealand. However, it was concluded
that the use of InSAR technology for both
estimating seasonal changes in groundwater
volume and for quantification of confined
aquifer specific storage and confining layer
vertical hydraulic conductivity has potential
utility for New Zealand and merits further
assessment. It was recommended that this
method be applied to test catchments in New
Zealand during the next phase of the project.
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Introduction
The SMART aquifer characterisation project
came out of a joint meeting co-hosted by
the European-New Zealand bilateral project
FRENZ (Facilitating Research co-operation
77

between Europe and New Zealand) and
the New Zealand Foundation for Research,
Science and Technology (FRST) (which
later became the Ministry of Science and
Innovation (MSI), now part of the Ministry
of Business, Innovation and Employment
(MBIE)). This meeting took place in Rotorua
in March 2011 and was attended by selected
scientists from Europe and New Zealand,
including one from GNS. GNS focussed on
the research question posed for the meeting:
“How might groundwater resources be
consistently characterised and mapped at the
national and regional scales” (FRENZ and
FRST, 2011).
As a result of the meeting, MSI later
provided GNS and its European co-operators
with a research grant to ‘identify, develop,
apply, validate, and optimise a suite of novel
methods for accurate, rapid cost-effective
characterisation and mapping of New
Zealand’s aquifer systems’ (Daughney, 2011;
GNS and MSI, 2011). This research project
became known as the SMART Aquifer
Characterisation (SAC) project, with the
acronym SMART standing for ‘save money
and reduce time’. The focus of this research
was novel methods that provide accurate data
‘passively,’ i.e., relying on existing data sources
wherever possible, or on new measurements
that can be made over large areas with little
effort and minimal cost (Daughney, 2011;
GNS and MSI, 2011). These novel methods
would be used to supplement traditional
aquifer characterisation methods. The SAC
project paired a New Zealand scientist
working with a European scientist in each
research aim.
One aim was to assess the potential for
existing satellite remote sensing methods ‘to
advance the understanding of aquifer systems
in New Zealand’ (GNS and MSI, 2011).
Four satellite remote sensing methods were
to be considered: (1) using GRACE satellite
gravimetry to indicate seasonal change
in groundwater volume over large areas;
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(2) using interferometric synthetic aperture
radar (InSAR) to evaluate seasonal changes in
groundwater volume caused by groundwater
abstraction, at a finer spatial scale than
GRACE; (3) estimating the distribution of
rainfall recharge to groundwater, based on the
difference between (satellite) precipitation (P)
and evapotranspiration (ET); and (4) using
satellite thermal infrared (TIR) imagery to
identify ‘zones of groundwater inflow to …
river(s)’ (Daughney, 2011; GNS and MSI,
2011).
The first step of the project was to review
the four methods and select those potentially
useful in New Zealand. Test applications of
potentially useful methods would take place
in the next step of the project. At the outset,
it was recognized that GRACE satellite
gravimetry and TIR were unlikely to be
useful due to scale limitations and that there
were conceptual problems with P – ET as an
indicator of rainfall recharge to groundwater.
This paper reports primarily on the initial
review of the four satellite remote sensing
methods. In addition, this review discusses
the potential utility of an additional satellite
remote sensing method that came up during
the project (i.e., use of satellite data to
estimate soil moisture) and the concept of
a long-term or ‘equilibrium’ groundwater
table advocated by one of the European cooperators as being related to satellite remote
sensing.
Characteristics of New Zealand aquifers
relevant to satellite remote sensing

The nature of New Zealand aquifer systems
is an important factor in determining the
potential applicability of satellite remote
sensing methods. The initial step of the SAC
project called for evaluating the existing
state of knowledge regarding New Zealand
aquifers, including both a literature review
and a compilation of national, regional, and
aquifer-scale datasets (GNS and MSI, 2011).
However, GNS concluded that this step

could not be achieved within the allocated
time frame and budget and, therefore, it was
not carried out. It thus became necessary to
rely on limited historic information, such as
that found in Rosen and White (2001) and
White and Reeves (2002). Those references
constitute the best available compilations,
but provided only sparse coverage at the time
they were written and are further outdated
today. Better information is available, but has
generally not been compiled.
There are important limitations to the use
of satellite remote sensing. Satellite imagery,
being obtained from high altitudes, covers
large areas and may have limited spatial
resolution. Signal noise is also greater than
for ground or even aerially-based sensing
methods. This results in three important
shortcomings:
1. Resolution – While some satellite methods
can achieve better resolution (on the order
of metres), others have relatively coarse
spatial resolution (on the order of tens to
hundreds of kilometres);
2. Vegetation – Some satellite methods may
be less effective over densely vegetated
areas such as forests, because the signal
from the Earth’s surface either cannot
reach the satellite or is otherwise affected

by the presence of vegetation (Wagner et
al., 1999);
3. Topography – Satellite methods can be
affected by topography in areas of steep
terrain (van Zyl et al., 1993). Correction
factors for the RADAR backscatter
coefficient are therefore sometimes applied
to improve accuracy of soil moisture
estimates in mountainous areas (Goyal
et al., 1999), while other scientists simply
flag the data as erroneous in areas where
surface topography angles exceed 20° to
25° (W. Dorigo as cited by Zemansky and
Westerhoff, 2015).
Resolution is a particularly important
factor, as New Zealand aquifers are typically
small in areal extent (Table 1). Based on
professional judgement, 60% can be classified
as small (i.e., less than 100 km2) and the
largest single New Zealand aquifer is only
5,330 km2, while the largest combination
of adjacent aquifers (i.e., in the Canterbury
region) totals less than 8,000 km2. The
estimated combined area of all New Zealand
aquifers is only 79,800 km2, or about 30%
of the 269,000 km2 total area of the country
(MfE, 2009). In comparison, a single large
aquifer in the United States, the Ogallala
aquifer, covers 451,000 km2 (Hornbeck and

Table 1 – Areal extent of aquifers in New Zealand.
Size of New Zealand Aquifers (km2)*
Median
Mean
Maximum
Std Dev

Minimum
2

50

385

5,330

Count

832

207

*Total area of all New Zealand aquifers: 79,800 km2

Small
<100

km2

Size Classification of New Zealand Aquifers
Medium
100 – 1,000

km2

Large
>1,000 km2

124 aquifers

58 aquifers

25 aquifers

60%

28%

12%

Source: Unpublished data, compiled during preparation of White and Reeves (2002)
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Keskin, 2012). Based on this factor alone, the
resolution of GRACE satellite gravimetry is
too coarse for application to any single New
Zealand aquifer.
Land cover and topography are particu
larly important factors in New Zealand.
Most of New Zealand’s land area lies under
substantial vegetation and consists of
relatively high and steeply-sloping terrain.
Approximately 50% of New Zealand land
cover is classified as native forest, while
another 11% is classified as exotic forest and
shrubland or horticulture (MfE, 2009). Only
about one-third of the area of New Zealand
is classified as ‘flat to rolling country’ with
slopes of 16° or less, while the remaining two
thirds is relatively steep hill or mountainous
terrain (Moot et al., 2013). More than half
of the land in New Zealand has slopes of
greater than 30° (Fischer, 2012). Much of the
mountainous terrain is relatively high, with
20% of the land area of the North Island
and 60% of the South Island at elevations of
1,500 m or higher, roughly 43% of the total
land area of New Zealand (Dennis, 2012a;
Dennis, 2012b). Although the correlation
between vegetation cover, topography, and
aquifer location has not been rigorously
analysed, visual comparison of relevant maps
indicates that the bulk of the land area of
New Zealand underlain by known aquifers
is covered by grasslands and crops instead of
forests (e.g., aquifers underlying the Aupouri
Peninsula, Haurakei Plain, Heretaunga
Plain, and Ruataniwha Plain of the North
Island and aquifers underlying the Waimea
Plain, Wairau Valley, Central Plain and other
Canterbury locations, and Southland of the
South Island).

Research Methods
This paper primarily involves a literature
review over a period of 18 months com
mencing in January 2012, with assistance
from the GNS library system. During the
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review, the American Geophysical Union’s
(AGU) Chapman Conference on Remote
Sensing of the Terrestrial Water Cycle was
held in Kona, Hawaii in February 2012.
Informal interviews and discussions with
a number of scientists with expertise in
satellite remote sensing occurred there and
during the remainder of the review. The
Chapman conference was sponsored by the
United States National Science Foundation
and the National Aeronautics and Space
Administration (NASA), and its programme
provided an opportunity to review the stateof-the-art of satellite remote sensing science
for hydrologic purposes, specifically including
applications to groundwater (AGU, 2012).
Additional review of the literature continued
after August 2013, primarily with regard to
the P – ET and soil moisture methods and
the concept of the equilibrium water table
(EWT). This included focussed discussions
with National Institute of Water and
Atmospheric Research (NIWA) scientists
having relevant expertise.

Review of satellite-based
methods
Results of the review of the original four
satellite remote sensing methods in the SAC
project and the additional soil moisture
method are detailed in Zemansky and
Westerhoff (2015) and summarised below.
The review of the EWT concept is also
summarised below.
GRACE satellite gravimetry
General GRACE background

The gravity recovery and climate experiment
(GRACE) is a joint mission with the German
Aerospace Center and the German Research
Center for Geosciences, in partnership
with the Center for Space Research at the
University of Texas at Austin. It is managed
by the Jet Propulsion Laboratory (JPL) of the
California Institute of Technology (CalTech)
for NASA (JPL, 2012). The GRACE mission

uses two satellites orbiting in tandem about
220 km apart at an altitude of less than
500 km to measure the Earth’s gravity field.
That gravity field is constantly changing, with
most of the variable signal coming from the
Earth’s fluid envelope, including the storage
of groundwater (Wahr, 2007).
Principles of satellite gravimetry

GRACE satellites determine the Earth’s
gravity using precise measurements of the
relative and absolute positions of the satellites
and how they change in response to variations
in gravity. As the GRACE satellites orbit the
Earth, areas with slightly stronger gravity
(i.e., with a greater concentration of mass)
affect the lead satellite first, pulling it away
from the trailing satellite. As the satellites
continue, the trailing satellite is then pulled
toward the lead satellite. The changes in
distance between the satellites are detected by
a microwave ranging system that can measure
the changes to an accuracy of better than 1
μm (Wahr, 2007). At the same time, nongravitational accelerations are measured by
an accelerometer at each satellite centre of
mass, so only accelerations caused by gravity
are considered. The exact positions of the
satellites over the Earth are determined by
GPS receivers to within a centimetre or less
(NASA, 2003; 2013).
Raw data from the GRACE satellites are
processed by the German Aerospace Center
and delivered to the German Research Center
for Geosciences and JPL for preparation of
a Level-2 data product that is publically
available on a monthly basis (UTCSR, 2013).
Release 05 (RL05), in current use, reportedly
brought several improvements for GRACE
data compared to its immediate predecessor
(RL04), including a significant reduction in
noise (Bettadpur and the UTCSR Level-2
Team, 2012).
GRACE Level-2 data represent continental
water storage, model errors, and noise over
land from which atmospheric mass variations,

ocean tides, and global ocean circulation
variations have been removed (Frederic and
Guillame, 2012). What is left is known as
‘total’ or ‘terrestrial’ water storage. This is the
difference in mass for the month, in units of
cm of ‘equivalent water thickness’, from the
long-term average over the period of record
(JPL, 2013; Frederic and Guillame, 2012).
Application of GRACE data to groundwater
elsewhere

GRACE data have been used to evaluate
changes in terrestrial water storage over time
for a number of aquifers around the world,
for example, southern Mali within the Niger
River basin in Africa (Henry et al., 2012),
parts of China (Moiwo et al., 2009) and
India (Science Daily, 2009 and Editor, 2012),
the Murray River basin in Australia (Leblanc
et al., 2012), central Europe (Andersen et al.,
2005), in Canada (Yirdaw and Snelgrove,
2011), and at a variety of locations in the
United States, including central California
(Famiglietti et al., 2011; Scanlon et al., 2012)
and the Ogallala aquifer (Longuevergne
et al., 2010; Scanlon et al., 2012). In many of
these cases, GRACE data have indicated that
groundwater depletion is occurring in areas
of high groundwater use. Also, in the United
States, GRACE data form the basis of weekly
estimates of groundwater storage across the
country (NDMC, 2013). Although most of
these report successful use of GRACE data,
a study in Australia had contrary findings.
In that case, ‘clear trends’ of terrestrial water
storage for a number of GRACE grid cells in
Australia were compared with water level data
from wells in the grid cells. The correlation
between the two was categorized as ‘generally
poor’ (Tregoning et al., 2012).
Application of GRACE data in New Zealand

GRACE data do not appear to have been
applied to New Zealand aquifers; no pub
lished studies were found during the initial
literature search for this project. One reason
is that GRACE data are relatively coarse,
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provided on a 1° latitude by 1° longitude
grid, so New Zealand is covered by only 32
GRACE grid cells. The distance between
parallels of latitude on the surface of the
Earth is about 111 km, while the distance
between meridians of longitude varies with
latitude, from about 111 km at the equator
to zero at the poles. At 40° south latitude,
close to the north-south centre of New
Zealand, it is about 85 km. Therefore, each
grid cell would have an area of approximately
9,400 km2, which is larger than the largest
single aquifer in New Zealand. A number
of studies have indicated that the minimum
aquifer size necessary for utilizing GRACE
data is 200,000 km2 (e.g., Ramillien et al.,
2004; Tregoning et al., 2012).
More recently, S. Swenson (2012, pers.
comm.; 2013, pers. comm.) suggested using
GRACE data to determine a basin-wide
average water storage for New Zealand as a
whole, using all 32 GRACE grid cells. He
calculated the basin-wide average water storage
first using RL04 output, but later updated
his calculation using RL05 output (Fig. 1).
The amplitude of the RL04 signal (red line)
for composite GRACE data covering New
Zealand generally exceeds that of the RL05
signal (black line) for the same time frame,
presumably due to a greater amount of noise.

Variation in the time series data appears to
be consistent with expected seasonal changes
during the annual hydrologic cycle (i.e., more
groundwater storage in the winter and less
in the summer). This apparent seasonality
is statistically significant at the 5% level.
Analysis of the RL05 data, after adjusting for
seasonality, indicates with a confidence level
of 95% that storage has declined at a mean
rate of 5.6 mm/year.
Interferometric synthetic aperture
RADAR (InSAR)
General InSAR background

Ground elevation may subside or be uplifted
due to various causes, including tectonic forces
and the abstraction or recharge, respectively,
of subsurface fluids such as groundwater.
Satellites equipped with InSAR can measure
these ground elevation changes and, when
groundwater is involved, they can be related
to both change in aquifer storage and
important hydraulic properties (i.e., confined
aquifer specific storage and confining layer
vertical hydraulic conductivity).
In an unconsolidated aquifer, the
abstraction of groundwater results in a
certain amount of dewatering, accompanied
by settlement of the aquifer matrix, while
in a confined aquifer abstraction reduces

Figure 1 – GRACE basin-wide average water storage (BAWS) time
series for New Zealand (data from Swenson, 2012 and 2013).
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effective stress. The reduction in effective
stress (dσe) is equivalent to the change in
aquifer pressure (dP), which can be related to
aquifer compressibility (α) by Equation 1, if
the original aquifer thickness (b) and change
in aquifer thickness (db) are known (Fetter,
2001):

db/b
dσ e

(1)

Ss = ρw g (α + n β )

(2)

α =–

		
			
If it is assumed that subsidence caused by
reduction in aquifer pressure is equivalent
to aquifer compaction and acts only in the
vertical direction (i.e., change in aquifer
thickness), confined aquifer specific storage
(Ss) can be calculated from Equation 2 using
the α value determined from Equation 1 as
follows (Fetter, 2001):

where:	
ρw = the density of water (999 kg/m3
at 15o C);
	g = the acceleration due to gravity
(9.8 m/sec2);
	n = aquifer porosity (measureable
from samples);
	
β = compressibility of water
(4.67 × 10-10 m2/N at 15o C).
Data on subsidence over time during
pumping tests can also be used to characterise
both specific storage of the confined aquifer
and the vertical hydraulic conductivity of
the confining unit above it, using a semilogarithmic ‘compaction plot’ method
(Burbey, 2003). In this method, it is assumed
that (1) horizontal strain is negligible; (2) the
hydraulic conductivity of the confining unit
is at least two orders of magnitude less than
that of the aquifer; and (3) the compressibility
of the confining unit is more than one order
of magnitude greater than that of the aquifer
(Burbey, 2003).
Although the second and third assumptions
are likely, research has shown that the first,

having to do with horizontal strain, is not.
Burbey (2013) noted that horizontal strain
may actually lead to a greater quantity of
water released from storage than vertical
compaction. This leads to overestimates of
storage when horizontal strain is assumed to
be negligible but is actually substantial.
Principles of InSAR

A full discussion of the principles of InSAR
is beyond the scope of this paper, but a
brief sketch is useful. RADAR imaging is an
active method of remote sensing that uses
electromagnetic waves, usually of microwave
frequency (1-10 GHz), to illuminate a target.
The distance to the target is determined by
the round-trip travel time from the RADAR
antenna to the target, and the characteristics
of the returning wave or backscatter (power,
phase, and polarization) depend largely on the
properties of the Earth’s surface (Curlander
and McDonough, 1991).
InSAR is widely used to measure
deformation of the Earth’s surface (i.e., land
subsidence or uplift). By differencing the
phase from two RADAR images acquired at
separate times, maps of range change between
the antenna and ground can be obtained with
millimetre precision (Massonnet and Feigl,
1998).
InSAR offers high precision, is noninvasive, can be used to collect data over
large areas, and can collect data during
night or day or under cloudy conditions. It
is constrained, though, by ground surface
characteristics (including vegetation cover),
atmospheric signal delay, and the need to
have archived data from two different times
(Hanssen, 2001). Because of the potential
effect of vegetation cover, the use of longer
wavelength RADAR is recommended when
available (Furuta et al., 2005; Aobpaet et
al., 2008). This would favour PALSAR with
L-band RADAR equipment on the ALOS
satellite, for example, over ERS SAR C-band
RADAR.
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Application of InSAR to groundwater
elsewhere

InSAR has been applied to analyze potential
impacts of abstraction and recharge of
groundwater around the world. For example:
1. In Las Vegas, Nevada, both subsidence
and uplift related to operation of a water
supply well field were detected. Subsidence
was at a maximum rate of 3.7 cm/year
(Amelung et al., 1999).
2. In Mexico City, Mexico, subsidence at a
maximum rate of 30 cm/year due to deep
groundwater abstraction was detected
(Osmanoglu et al., 2011).
3. In the Gioai Tauro Plain of Italy, sub
sidence was detected at a mean rate of
11 mm/year between 1992 and 2007 due
to groundwater abstraction (Kruiver et al.,
2011).
Application of InSAR in New Zealand

InSAR has not previously been applied to
New Zealand aquifers, but has been used
to estimate ground displacement caused by
the 2010-2011 Christchurch earthquakes
(Amos, 2011; Elliot et al., 2013) and
subsidence within the Taupo volcanic zone
related to extraction of fluids for geothermal
power generation (Samsonov et al., 2011).

The latter case is analogous to groundwater
abstraction for water supply. Samsonov et al.
(2011) used ALOS-Palsar observations over
a three-year period at three geothermal fields
in the Taupo volcanic zone. Ascending path
InSAR results correlated well with GPS data.
Mean subsidence rates ranged from about
2 to 5 cm/year. Figure 2 shows the plot of
subsidence over time from this study using
InSAR data. Samsonov et al. (2011) were
unable to compare their results with actual
operational data because the power companies
considered such data ‘commercially sensitive’
and would not make it available.
GNS currently holds 10 years of Envisat
InSAR data for the North Island of New
Zealand (Hamling, 2013), which are available
for future research. Preliminary large-scale
processing of these data over a portion of the
central North Island from the Hauraki Gulf
to Hawke’s Bay is shown in Figure 3, which
shows both horizontal spatial distribution
and a cross-section indicating displacement.
It was generated from 33 interferograms
covering the period 16 November 2003
through 23 May 2010. Warm colours (i.e.,
yellows, oranges, and reds) indicate motion
away from the satellite line-of-sight (i.e.,
subsidence) while cold colours (i.e., greens
and blues) indicate motion
toward the satellite (i.e.,
uplift). Several areas of
subsidence are evident in the
Taupo volcanic zone northnortheast of Taupo and the
Ruataniwha Plains southsouthwest of Napier. The
rate of subsidence indicated
for the orange-coloured

Figure 2 – TVZ geothermal
field time-series
displacement (from
Samsonov et al., 2011)
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areas is 5 mm/year (Hamling, 2013). This is
a geologically active area and further study
would be necessary to isolate the cause of this
subsidence and the potential role, if any, of
groundwater abstraction.

some control volume. The general form of
the water budget for a control volume (CV)
is:
I nputs to CV = Outputs from CV
+ Change of Storage (∆S) within CV

(3)

Broken down by specific components, rain
is the major input and evapotranspiration
the major output. Surface runoff (Roff ) and
soil drainage to groundwater (D, aka rainfall
recharge) are other outputs. Rearranging
terms, the water budget for the soil column
CV (see Fig. 4) is given by Healy (2010) as
Equation 4:
D = P – ET – Roff - ∆S

(4)

As this equation indicates, P – ET will not
equal rainfall recharge to groundwater except
when a long period of equilibrium is assumed
(i.e., there is no change in storage) and in the
unusual case where there is no surface runoff.

Figure 3 – Preliminary processing of Envisat
InSAR data for central North Island, New
Zealand (Hamling, 2013). The north up
convention has been followed.
Estimating rainfall recharge using
satellite precipitation (P) minus
evapotranspiration (ET)
General P – ET background

Rain (P) and evapotranspiration (ET) are
major components of the hydrologic cycle
for quantifying catchment water budgets.
However, although P – ET ‘is the net flux
of water from the atmosphere to the earth’s
surface’ (Swenson and Wahr, 2006), it is
more a maximum upper bound than an
indication of actual rainfall recharge to
groundwater. A water budget is a relatively
simple but powerful tool to account for water
moving into, out of, or being stored within

Figure 4 – Water budget for a specified soil
column volume (from Healy, 2010).
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Rain measurement
Rainfall measurements in New Zealand

In New Zealand, a large network of con
ventional land-based rain gauges is operated
by various organizations, including NIWA,
15 regional councils or unitary authorities,
MetService, energy companies with
hydropower facilities, and KiwiRail. A partial
survey in 2010 identified 735 land-based
rain gauges operated by regional councils
(Zemansky et al., 2010), and there are
hundreds of rain gauges monitored by NIWA
or other authorities. If New Zealand’s rain
gauge network were evenly distributed, there
would probably be about 50 land-based rain
gauges per 10,000 km2 land area.
Land-based gauges are the accepted
standard for rainfall monitoring throughout
the world. NIWA uses long-term data from
such a network to compile national data
sets for a spatial interpolation model that
provides coverage of the entire country on
a regular grid with a spacing of 0.05 degrees
(approximately 5 km) (Henderson et al.,
2011).
Satellite remote sensing of rain

Satellite-based rain data are widely available
from a multitude of United States and
European sources at no charge to the user.
The instruments on the satellites involved
fall within three broad categories: (1) visible
infrared sensors; (2) passive microwave
sensors; and (3) active microwave using
precipitation RADAR. The joint US
and Japan tropical rainfall measuring
mission launched in 1997 has become the
gold standard for satellite precipitation
monitoring.
Potential utility of satellite remote sensing
for New Zealand

Research has shown that satellite remote
sensing of rain is unlikely to be useful except
where land-based rain gauge networks
provide very sparse coverage (i.e., fewer
than four rain gauges within an area of
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approximately 10,000 km2) (Renzullo et al.,
2011). This would be approximately on a
1° latitude by 1° longitude grid cell basis.
Given the number of rain gauges in New
Zealand, satellite remote sensing of rain is
unlikely to offer useful additional information
to that obtained via data from the rain gauge
network (this view was confirmed by NIWA
scientists).
Estimation of evapotranspiration (ET)
ET background

‘Evapotranspiration (ET) is the process by
which water is transported from the Earth’s
surface to the atmosphere by evaporation
from surfaces (soils and wet vegetation) and
by transpiration from plants through stomata
in the plant leaves’ (SCKCEN, 2013). It is
a function of weather variables (e.g., air
temperature and wind velocity), surface
variables influencing evaporation from soil
and wet vegetation and transpiration from
plants, and subsurface variables such as
soil texture and moisture. Unfortunately,
for all practical purposes, ET cannot be
directly measured but must be inferred from
quantification of other parameters that are
measureable. The inference process involves
modelling, and a large variety of models
have been developed. Some models produce
an estimate of ‘potential’ ET (PET), but
Equation 4 requires ‘actual’ ET (AET or
ETa). PET is ET that would theoretically
occur under specified weather conditions
if the available water were unlimited, while
AET is ET that actually occurs under
prevailing conditions. Authors are not
always clear about precisely what type of ET
they are discussing. Herein, because AET
is needed for Equation 4, I default to AET
unless PET is specifically noted. AET is ‘one
of the most uncertain terms in the world’s
water balance’ (Miralles et al., 2011a) and
‘arguably the most difficult … to determine’
accurately (Jovanovic and Israel, 2012). Our
ability to observe AET is poor and we are left

with imprecise and uncertain estimates of its
magnitude that are difficult to validate. For
example, AET from the Earth’s global land
mass is generally estimated at somewhere
between 58,000 and 85,000 km 3/year, a
range that is nearly 50% of its lower value
(Miralles et al., 2011b).
Satellite remote sensing of AET

A number of methods have been developed
for using satellite data to attempt to estimate
AET. These are generally classified as
(1) ‘thermal-based’; or (2) vegetative index
methods (Glenn et al., 2011). Three examples
are the two energy balance algorithms
SEBAL (surface energy balance algorithm for
land) and MOD16 (surface energy balance
algorithm for land using MODIS data),
and the water balance algorithm GLEAM
(global land-surface evaporation Amsterdam
methodology). These methods have limit
ations that affect their possible use in the
varied environmental conditions found in
New Zealand. For example, SEBAL is only
suitable for use in flat terrain and cannot be
used in forested catchments (Glenn et al.,
2011).
Eddy-covariance (EC) flux tower estimates
are often used as the standard of comparison
when attempting to validate satellite remote
sensing AET estimates. Results from these
attempts often produce poor correlations.
Land surface models, including water balance
models, are also used for this purpose,
sometimes incorporating flux tower data
(Williams et al., 2009). Flux towers typically
measure a large suite of parameters, including
mass and energy flux densities (e.g., latent
heat, sensible heat, soil heat conduction, and
canopy heat storage), meteorologic variables
(e.g., net radiation, air temperature, and wind
speed and direction), soil characteristics (e.g.,
soil moisture), and vegetation characteristics
(e.g., albedo and leaf area index). The major
international network of flux towers, known
as FLUXNET, includes about 545 such
towers worldwide (Baldocchi et al., 2001).

Because of a recent decade-long drought,
substantial flux tower work has been done
in Australia (Glenn et al., 2011). Much less
has been done in New Zealand. Ag Research,
NIWA, and the University of Waikato have
a few flux towers, but full information about
their locations, design, and capabilities was
not available for this review.
Comparisons of AET estimates from
satellite remote sensing products with
those from flux towers often indicate
discrepancies, showing either substantial
over- or underestimation (Ramoelo et al.,
2014). However, most of the papers assessed
appeared to show underestimates (e.g.,
Bastiaanssen et al., 1998; Ramoelo et al.,
2014). Flux tower estimates are known to
have ‘accuracy errors on the order of 15%
to 30%’ (Glenn et al., 2011) and are ‘are
more prone to underestimation than to
overestimation’ (King et al., 2011). During
a major Australian study, it was found that
correlation coefficients (r) between tower
ETa and remote sensing estimates were all
less than 0.5 at daily time steps, and that
flux tower and remote sensing model AET
estimates could differ by 10% to 30%. By
aggregating data to monthly time steps, this
was improved (i.e., to the 10% to 20% range)
(Glenn et al., 2011).
Bastiaanssen et al. (1998) provide an
example of the use of flux towers to try
to validate satellite remote sensing AET
estimates. They reported what appeared to be
a good fit for their 25 pixel data. However,
their published plot was inconsistent with
their data points and was inappropriately
biased by one high outlier. Removing that
outlier results in a much smaller slope of
0.50 and coefficient of determination (r2) of
0.34. Slopes and r2 values were substantially
smaller for 91 pixel data. This indicates
a marginal relationship between satellitedetermined AET and flux tower data and
does not successfully validate the satellite
remote sensing estimates.
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The accuracy of the SEBAL algorithm has
been reported to vary from as low as 67% to
as high as 95% for instantaneous estimates,
and a few percent higher for longer term
estimates (Matinfar, 2012; Brutsaert and
Sugita, 1992). Similarly low slopes and r or r2
values were reported in attempts to validate
data for GLEAM and MOD16. For example,
the linear best fit for a plot of data reported
by Miralles et al. (2011b) for annual AET
estimated by GLEAM when compared to AET
data from 43 flux towers had a slope of 0.68
and an r2 of 0.63 (Zemansky and Westerhoff,
2015). In another recently published study
attempting to validate MOD16 estimates
for a savannah ecosystem in Africa, MOD16
achieved ‘reasonable accuracy’ with low bias
early on in two of the nine years studied,
but overestimated AET compared to flux
tower estimates (22.4 to 33.3%) in three of
the years and underestimated AET in the
remaining four years of the period (-55.7 to
-16.44%). r2 values for the nine years ranged
from 0.26 to 0.85 and most were less than
0.60 (Ramoelo et al., 2014).
Westerhoff and White (2014) recommend
the use of satellite remote sensing-derived
AET and specifically referred to the improved
MOD16 MODIS method of Mu et al.
(2011). However, these improvements were
apparently only marginal. Mu et al. (2011)
report that they increased r values from
0.83 to 0.86 when MOD16 AET estimates
were compared with flux tower data using
tower-specific meteorology. The improved
MOD16 method was one of the eight
models assessed by Chen et al. (2014). They
found that model performance ‘differed
substantially,’with the highest AET estimate
from another model 59% greater than that
produced by the improved MOD16 method.
They also reported that ‘energy partitioning’
was ‘substantially’ different between the ‘three
process models’ (including the improved
MOD16 model) and there were ‘significant
differences in the interannual variation of
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ET’ produced by different models as well
as spatial trends that were ‘substantially
different’ over time. This was unexpected,
as the three process models had all been
‘evaluated and validated globally’. Chen et
al. (2014) concluded that it is necessary to
examine model structure to improve the ET
component estimations and critical model
parameters.
Researchers in Australia compared AET
results from non-satellite and other satellite
remote sensing methods with land surface
models, i.e., hydrologic models relying on
water balances. This comparison included
eight methods (three soil water balance
methods and five satellite algorithms),
yielding 16 AET products. They concluded
that ‘for large areas of Australia, where ETa
is dependent mostly upon rain, the estimates
based on hydrologic model approaches
performed best,’ but for areas receiving lateral
inflow, methods using remotely sensed inputs
were needed. They recommended that the
best solution for Australia’s operational AET
requirements was ‘An interim daily gridded
AET product … based on the AWRA (water
balance) model… substituted by estimates
from the CMRS (using satellite remote
sensing inputs) method for inflow areas’
(King et al., 2011).
Long et al. (2014) recently looked at a
large region in the south-central United
States and compared results from four land
surface models with those from two remote
sensing approaches (MODIS and AVHRR).
They concluded that satellite remote sensing
estimates were generally lower (up to 27%)
than those from land surface models and
had greater uncertainties (by factors of two
to three).
The costs for satellite-based ET estimates
and their inaccuracy are also major concerns.
As noted by Nouri et al. (2013), ‘most
of them need extensive time investment,
medium to high levels of skills and are quite
expensive.’ Evidence from different parts of

the world shows substantial problems when
validation of satellite remote sensing AET
estimates is attempted, including low r and r2
values, high root mean square error and high
relative error, both low and high bias, and
large variation in performance. In addition to
studies already noted, Pollaco et al. (2012),
Gibson et al. (2013), Nazdri and Hashim
(2014), and Yao et al. (2014) are pertinent.
A final concern regarding the use of
satellite remote sensing ET products, beyond
the question of accuracy and cost, is their
potential availability. The two MODIS
sensors often used for satellite remote sensing
AET products are aboard satellites launched
in 1999 (Terra) and 2002 (Aqua). These
sensors had initial design lives of only 5 years
and there were no plans for follow-on sensors
with the same characteristics (King et al.,
2011). As NASA pointed out in a recent status
update, ‘MODIS is aging and will end soon’
(Killough, 2014) and there are uncertainties
about the availability and quality of data
from other existing satellite sources of ‘similar
information’ (Killough, 2014). Potentially
equivalent future products from European
sensors, if they become available, may be
relatively expensive (King et al., 2011). The
history of earth-observing satellites is one
in which there are often gaps in instrument
coverage and delays in the launching of new
satellites, even when they’ve been planned
and authorized.
Using satellite thermal infrared (TIR) to
identify groundwater influent to rivers
General TIR background

When there are temperature differences
between shallow groundwater influent to a
stream and the water flowing in the stream,
the differences can be used to identify
zones of groundwater inflow. This may be
accomplished in several ways: (1) manual
stream temperature measurement; (2) dis
tributed temperature sensing by placing fibre
optic cable on the stream bottom (which

detects the temperature near the groundwaterstreamflow interface); or (3) using thermal
infrared remote sensing. Summer, when the
ratio of stream flow to influent groundwater is
relatively low and groundwater temperature is
low compared to stream temperature (which
also means it ‘tends to stay at the bottom’ for
some distance downstream before mixing), is
best for distributed temperature sensing work
(Meijerink et al., 2007). In contrast, the best
chance of success for satellite TIR imagery
may be during winter conditions, when
relatively warmer groundwater rises through
cooler stream flow (Meijerink et al., 2007).
However, in the New Zealand winter stream
flow is likely to be highest, relative to influent
groundwater fluxes, which would dilute the
temperature signal. Ideally, satellite TIR
imagery would be used to localize potential
groundwater inflow areas for more detailed
assessment using manual measurements or
distributed temperature sensing technology.
Satellite TIR imagery

IR radiation is electromagnetic radiation
with a wavelength in the 0.75 to 1,000 μm
range, just above the wavelength of visible
light. The TIR portion of the spectrum
suitable for detecting longwave thermal
energy emissions is in the 8 to 15 μm range
(Science Mission Directorate, 2010). Various
types of photo-detectors or radiometers can
measure TIR radiation and use it to estimate
the temperature of the objects involved
(Aggarwal, 2003; Prakash, 2000; Paschotta,
2008). For remote sensing applications, these
instruments measure emitted TIR radiation
in the top 100 μm layer of water (Handcock
et al., 2012).
A number of satellites have TIR measuring
capability; however, only two have sufficiently
high resolution for preliminary consideration:
(1) Landsat; and (2) Terra (with an ASTER
instrument). Typically, thermal and spatial
resolution available for these is less than 1°C
and in the 60 to 120 m range, respectively
(Zemansky and Westerhoff, 2015).
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Application of satellite TIR imagery for
groundwater-stream interactions

Although airborne TIR imagery has been
used to study stream temperatures, there is no
indication in the literature that satellite TIR
imagery has been successfully used to identify
groundwater-stream interactions anywhere
in the world. This is apparently due to
spatial resolution limitations. As Cherkauer
et al. (2005) concluded, when considering
application of ASTER data to streams in
Washington state, the available resolution of
90 m ‘makes it difficult to obtain pixels that
contain only water on all but the widest river
reaches (e.g., the Columbia River with widths
between 300 and 500 m).’
With the possible exception of a few
reaches in the largest New Zealand rivers
at flood stage, spatial resolution for satellite
TIR imagery in the 60 to 120 m range is
insufficient for the water-filled widths of
streams in New Zealand. For example, during
annual floods for the period 1973 to 2003
the mean channel widths of the Waikato
River, New Zealand’s longest river, between
Horotiu Landfill and the Narrows Bridge
near Hamilton were in the 89 to 95 m range.
Maximum flood widths were in the 136 to
159 m range (Smart, 2005).
Soil Moisture and an Equilibrium
Water Table (EWT)
Soil moisture
General soil moisture background

The use of satellite data to estimate
soil moisture is relevant to determining
terrestrial water storage by GRACE, to
evapotranspiration, and to rainfall recharge.
Soil moisture is the component of the
hydrologic cycle that controls the partitioning
of precipitation into infiltration and runoff
(Sabel, 2013).
How much rain infiltrates into the soil
depends on how permeable the soil is and
the antecedent soil moisture. Unsaturated
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zone permeability is strongly related to
both soil texture and soil moisture (Fetter,
2001). Rain that infiltrates into subsurface
soil may ultimately evaporate directly to
the atmosphere, be taken up by plant roots
and transpired to the atmosphere, be held
in place within the unsaturated zone by
capillary forces, or move vertically downward
under gravity to contribute to groundwater
recharge, while rain that doesn’t infiltrate
becomes surface runoff (Fetter, 2001;
Hendriks, 2010).
There is a voluminous global literature
on the spatial and temporal variability of
soil moisture and how best to measure it
(e.g., Pandey and Pandey, 2010; Zhu et
al., 2013; Lin, 2012). Soil scientists have
developed in-situ measuring equipment that
is widely installed in agricultural areas where
irrigation is used, including in New Zealand
(particularly in the Canterbury Region),
and they utilize geostatistical procedures
for interpolating between soil moisture data
points (e.g., Lakhankar et al., 2010). There
is also information indicating some degree
of relationship between soil moisture and
underlying shallow water tables.
Soil moisture monitoring in New Zealand

NIWA has a network of 40 sites around the
country where soil moisture is measured and
recorded by in-situ probes. Soil moisture
is also monitored at other sites using insitu probes for research and by farmers in
Canterbury and other locations for efficient
application of irrigation water (Aqualinc,
2009). Estimation at unmonitored sites is
challenging because soil moisture is a function
of climate, and site soil and vegetation types.
NIWA’s hydrologic model calculates daily
soil moisture within the root zone (typically
a depth of 1 m below ground level [BGL])
for all catchments in New Zealand. It also
calculates depth to the shallow groundwater
table (Henderson et al., 2011).

Satellite estimation of soil moisture

Both passive and active microwave methods
of estimating soil moisture are available.
The passive method involves measurement
of brightness temperatures (e.g., by the
AMSR-E microwave radiometer instrument
on the Aqua satellite that was operational
until October 2011). These may then be
converted to soil moisture values using the
Land Parameter Retrieval Model (LPRM)
on a 0.25° grid (de Jeu et al., 2008; Owe et
al., 2008). In contrast, active microwave soil
moisture estimation is based on the principle
that RADAR backscatter is lowest when there
is no water present in surface soil and highest
when surface soil is saturated (Wagner et al.,
2007; Zhao et al., 2006). Active microwave
methods of soil moisture estimation are more
accurate and have better spatial resolution
than passive, but have the disadvantage of
increased noise due to vegetation (Wagner,
1999; Wagner et al., 2007). Soil moisture
may also be estimated from satellite land
surface temperature data (Wen et al., 2003).
A major limitation of satellite-derived
soil moisture estimates is that satellites sense
moisture conditions at the ground surface and
for only a very thin layer of soil immediately
underneath the surface. Numerous studies
have shown that both passive and active
satellite-derived soil moisture estimates are
strongly influenced by 0 to 5 cm depth soil
(Draper et al., 2009; Gruhier et al., 2010).
Efforts to validate satellite-derived soil
moisture estimates with in-situ data of various
kinds tend to have correlation coefficients (r)
that vary considerably, but are often in the
range of 0.6 to 0.8; for example, Wagner et
al. (1999), de Jeu and Owe (2003), Wagner
et al. (2007), Brocca et al. (2011) and Su et
al. (2013). This is not a very high indication
of correlation. Technical problems inherent
in validation include differing measurement
depths and spatial resolutions, as well as the
general variability of in-situ soil moisture
values.

Relationship between soil moisture and
shallow groundwater tables

Changes in soil moisture have been shown to
correlate with changes in the depth to shallow
groundwater tables. Sutanadjaja (2012), for
example, found good correlation between a
Soil Water Index, ‘a measure of the profile or
average root zone soil moisture content’ over
the first metre of the soil column (Wagner
et al., 1999, as cited by Sutanadjaja, 2012)
and the depth to the groundwater table. The
correlation appeared strongest at shallower
depths but was noticeable for their site
conditions to as deep as 8.7 metres BGL.
The Soil Water Index is a product of the
C-band scatterometers aboard the ERS-1
and ERS-2 satellites, produced by applying
an algorithm to the raw surface soil moisture
that penetrates only to the 0.5 to 2 cm depth
range (Wagner et al., 1999; de Jeu et al, 2008;
Sutanadjaja, 2012).
The literature in general supports the
potential for a relationship between soil
moisture and shallow groundwater tables
when there is a direct hydraulic connection
to the water table. To what depths this
relationship might hold apparently varies
with site-specific conditions (e.g., soil
texture). Whereas Sutanadjaja (2012) found
a relationship at his site to a depth of c. 8 m,
others have found it only at much shallower
depths. For example, Alkahaier et al. (2009)
reported a correlation between volumetric
soil moisture and water table depth between
about 1 and 4 metres BGL. However, other
studies have found substantial variation
and low r and r2 values (Pan et al., 2008;
Alkhaier, 2011; Alkhaier et al., 2012). For
example, Alkhaier et al. (2012) show that
for a soil moisture value of 0.21 m3/m3 the
groundwater table depth could be anywhere
in the 2 to 4 m range.
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Application of satellite remote sensing of soil
moisture in New Zealand

Satellite remote sensing of soil moisture has
been trialled in the Canterbury area as an
input variable for the ‘ET Tool’ algorithm,
but does not appear to have been used in
New Zealand for aquifer characterisation.
The trial was aimed at producing estimates
of PET and AET, crop water deficit, and rain
surplus. In-situ soil moisture measurements
from 276 sites were used for validation,
at intervals of 10 to 15 cm over the soil
profile (Simons and Voogt, 2012). In-situ
soil measurement data at 15 cm depth were
compared with two types of soil moisture
estimates from satellite remote sensing. Both
satellite estimation methods ran substantially
below in-situ measurements, but ASCAT
data were closer than MODIS. MODIS
estimates typically ran 25% to 50% below
in-situ measurements. Simons and Voogt
(2012) attributed this to problems of spatial
scale (point measurements vs. 12.5 km pixels).
More recently, satellite remote sensing
estimates of soil moisture were compared
with in situ observations at sites in the
Canterbury Region (Sohrabinia, 2013). Part
of the research involved using two methods
to calculate soil moisture by the difference
between near surface air temperature and
land surface temperature (LST) using
MODIS data for six sites. Results from three
years of comparison data for the Rangiora
site, graphically shown in Figure 5, are

typical. The black stars and diamonds from
satellite remote sensing methods are generally
substantially lower than in situ data with
the largest discrepancy occurring during the
relatively wet winter months. During those
months, in situ soil moisture was often
more than twice as high as satellite remote
sensing estimates. Results varied between
sites with interference reportedly caused by
local effects such as bodies of open water
and mountainous topography. The range
of correlation coefficients for both methods
at all six sites was from 0.42 to 0.78 with a
mean of 0.64. Although it was concluded
that ‘satellite observed LST is useful for the
estimation of some land surface properties
over a long-term period (10 years) and at
large spatial domain,’ it was also found
that ‘environmental phenomena, such as
cloud cover, dense vegetation and rugged
topography limit the use of remotely sensed
data’.
With regard to the relationship between
soil moisture and the depth to the shallow
groundwater table, one study in New
Zealand found that these two variables had
different variability characteristics, making
it unlikely that a consistent relationship
could be modelled very well (McMillan
and Svrinivasan, 2014) and that the soil
moisture-derived estimate of depth for the
shallow water table has limited possible
application and is questionable for aquifers
in New Zealand. Site-specific soils data

Figure 5 – Satellite-based
soil moisture (ATI1 black
diamonds and ATI2
black stars) vs. in-situ soil
moisture (red squares)
(from Sohrabinia, 2013).
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would probably be necessary for reasonable
certainty and there seems little useful purpose
for this approach when there are an estimated
1,740 well sites in New Zealand being
used by regional councils to monitor actual
groundwater levels (Zemansky et al., 2010),
and a much greater number of additional
wells available. For example, Westerhoff and
White (2014) used groundwater level data
for nearly 4,500 wells in the Canterbury
region alone in their project. In areas with
so many water supply wells, the depth to the
groundwater table is well-known, making
estimation of it by satellite remote sensing of
soil moisture superfluous.
Simulated equilibrium water table (EWT)

During the course of the SAC project,
the concept of an equilibrium water table
(EWT) using satellite remote sensing data
was promoted as being potentially useful for
aquifer characterisation in New Zealand (R.
Westerhoff, 2012, pers. comm.; C. Daughney,
2012, pers. comm.). Due to time constraints,
this subject was not included in Zemansky
and Westerhoff (2015) when it was being
prepared in July 2013, but information about
this concept is presented here.
General EWT background

There is a limited published literature
outlining the EWT concept (Fan et al., 2007;
Miguez-Macho et al., 2007; Miguez-Macho
et al., 2008; Fan and Miguez-Macho, 2010;
Fan et al., 2013). Fan et al. (2007) defined
the EWT as the ‘climatological mean water
table, a result of long-term mass balance
between … the vertical, atmospherically
induced flux across the water table (i.e.,
groundwater rainfall recharge), and the
lateral, topographically induced flow below
and parallel to the water table.’ They
suggested that the EWT was a result of longterm landscape evolution from complex
interactions among climate, geology, and
biota and that once an EWT was determined

it could be used to estimate such things as
aquifer hydraulic parameters. But, they were
not explicit about precisely how this could
be done.
Fan et al. (2007) presented an EWT
over much of North American based on
rainfall recharge, calculated as the 50-year
mean precipitation minus model-estimated
surface runoff and evapotranspiration, as
input to a simple two-dimensional (2D)
steady-state groundwater flow model. At
that time, there was no satellite remote
sensing component to the EWT model. They
found that their simulated water table was
generally higher than the observed one (i.e.,
shallower). They qualified their results by
saying their ‘goal (wa)s not to describe local
groundwater conditions, but to capture …
spatial variability across a continent’ resulting
from ‘long-term and large-scale climatic and
geologic forcing’.
Fan et al. (2013a) and Fan et al. (2013b)
updated Fan et al. (2007) and expanded
coverage of their EWT beyond North
America to produce the global EWT they
were seeking. They followed the general
approach of earlier work, but with several
important differences. A major difference
was in how values for rainfall recharge were
generated for input to the groundwater flow
model. Instead of rainfall recharge being
calculated the way it was in the 2007 paper,
they considered six ‘fully coupled vegetationsoil-groundwater model(s)’ (i.e., land surface
models) and/or databases and used the one
in any given case that produced the results
closest to observed water table depth (WTD)
and wetlands distribution data. Some of these
land surface models incorporated satellite
data as well as land-based data inputs (Rodell
et al., 2004).
Fan et al. (2013a) compared their global
WTDs with observations at 1,603,781 well
sites compiled from government archives and
published literature. They found ‘a lack of
coherent patterns’ and noted that there were
93

substantial differences between their model
results and observations. In particular, their
model ‘suggests a much higher fraction of
WTD’ <1 m and >30 m.
New Zealand EWT comparison

Two attempts were made to validate
Westerhoff ’s results from his interpretation
of Fan’s simulated EWT for New Zealand
using actual water level observations for wells
in New Zealand as part of the SAC project.
The first was a test case involving long-term
observational data from sixty wells around
the country. When organized by EWT depth,
they clustered into one group of 47 wells
having WTDs less than 20 m (19 of these
had depths of zero compared to actual depths
in observations wells ranging from 0.44 to
18.66 m) and another of 13 wells having
WTDs greater than 40 m. In view of this
clustering, the data were analysed based on
these two clusters of shallow and deep EWT
depths. The linear lines of best fit approached
horizontal slopes and had r 2 values of
0.10 and 0.19, respectively. This was not
indicative of any correlation. The discrepancy
between the calculated and observed WTD
was substantial in many cases, reaching a
maximum of nearly 60 m.
We s t e r h o f f a n d W h i t e ( 2 0 1 4 )
described a second SAC project
attempt to validate a simulated EWT
in New Zealand. This time, actual
groundwater level data from 4,459 wells in
the Canterbury Region were used. Results
from this comparison did not improve on
results from the earlier 60-well test. Westerhoff
and White (2014) provided incomplete
information on their methodology, but show
that the EWT model estimates bore little
resemblance to actual groundwater obser
vations. This is evident in their Figure 3.5
(reproduced herein as Fig. 6), a scatterplot
produced from their data. The slope of the
linear line of best fit in Figure 6 is nearly
horizontal (i.e., 0.0153) and the correlation
coefficient (r) is 0.06. This means virtually no
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correlation. As Westerhoff and White (2014)
acknowledged, their ‘EWT depth estimates
compare poorly with groundwater depth
observations in large areas of the Canterbury
Region’. The EWT model: (1) greatly
underestimated actual water table depths;
(2) ‘calculates relatively few EWT depths in
the range of approximately 2 to 30 m’; and
(3) produced poor estimates for wells in deeper
depth areas. For example, more than 40% of
their estimated WTDs were ‘less than 1 m’
compared with that being the case for only
about 5% of observed WTDs. Westerhoff
and White (2014) also noted that median
and mean observed groundwater depths
were 4.4 and 12.2 m BGL, respectively, while
EWT median and mean depths were only 0.4
and 1.9 m BGL.

Figure 6 – EWT depth vs. median observed
depth (from Westerhoff and White, 2014).

Conclusions and
Recommendations
Conclusions

Of the six methods involving satellite remote
sensing reviewed, only one (i.e., InSAR) shows
potential at this time for characterization of
New Zealand aquifers.
The resolution of GRACE satellite
gravimetry to determine change in terrestrial

water storage over time is too coarse to apply
to any New Zealand aquifers. However, a
10 year ‘basin-wide average’ for New Zealand
as a whole, including all 32 GRACE grid cells
covering the New Zealand land mass, was
evaluated. Variation in the time series data
appears to be consistent with expectations
for the annual hydrologic cycle (i.e., more
groundwater storage in the winter and
less in the summer). Analysis of the data,
after adjusting for seasonality, indicates a
statistically significant declining trend of
5.6 mm/year.
InSAR is able to provide time series
estimates of land surface elevation which may
be correlated with changes in aquifer storage
and may also be used to estimate hydraulic
properties (aquifer storage and confining
layer vertical hydraulic conductivity). This
potential is worth assessing further with test
cases in New Zealand. GNS Science holds 10
years of InSAR data for the North Island that
can be analysed. However, where subsidence
or uplift is found other information will be
needed to determine the role, if any, played
by groundwater extraction. There is also
a serious limitation in the use of these data
for estimation of hydraulic properties – the
assumption that horizontal strain and
deformation are negligible is unlikely to be
warranted and could result in substantial in
accuracy in estimates of hydraulic properties.
Calculation of P – ET to estimate ground
water rainfall recharge by satellite data
involves highly simplifying assumptions
which are unlikely to be valid for many
New Zealand aquifers. This calculation by
remote sensing data alone is not a useful
approach. As noted by Kinzelbach et al.
(2014), ‘Unfortunately, both ET and P
obtained from remote sensing are inaccurate.
Calculating the difference, P – ET, leads to
error propagation, especially when both
quantities are of similar magnitude.’ Existing
land-based rain gauge networks in New
Zealand provide better quality data than

satellite remote sensing products do, while
the accuracy of AET estimates by satellite
remote sensing is questionable at best.
Attempts to validate them using flux tower
or land surface model results have shown that
satellite remote sensing methods may overor underestimate AET, with underestimation
in the range of 10 to 50% more likely.
Using such AET values would lead to a
substantial overestimation of groundwater
rainfall recharge. In addition, few flux tower
records are available to validate satellite AET
estimates in New Zealand. The continuing
availability of satellite platforms and sensors
to produce satellite AET products is also
uncertain. Thus satellite remote sensing does
not appear to make improvements to existing
methods used by NIWA to quantify P and
ET in New Zealand. In looking at these same
issues, Australia has, like NIWA, chosen to
rely primarily on hydrologic models for
estimating AET.
As with GRACE data, the spatial
resolution of satellite remote sensing TIR
data is too coarse for the detection of
groundwater-stream interactions in New
Zealand. Airborne TIR data does have
sufficient spatial resolution for this purpose.
However, assessment of the utility of the
airborne platform was beyond the scope of
this objective of the SAC project. There is
also possible limited use of satellite TIR data
with respect to groundwater inflow to lakes
and, in the case of conduit rather than diffuse
flow, submarine groundwater discharges on
the coast. However, no cases of conduit flow
to the sea on the coast of New Zealand have
been identified.
Soil moisture affects the partitioning
of rain into infiltration, surface runoff,
or evapotranspiration. Satellite remote
sensing, however, detects soil moisture only
in the very near surface of the soil column.
Soil moisture has also been correlated
with water table fluctuations in shallow
aquifers. This is consistent with other
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information in the scientific literature about
the relationship between soil moisture and
shallow groundwater tables under different
soil conditions up to 4 metres depth BGL.
Efforts to validate soil moisture data have
found moderate correlations at best. It is
hoped that the Sentinel-1 satellite, launched
in April 2014, will improve the resolution of
satellite soil moisture data, but that remains
to be seen. Therefore, until improved satellite
soil moisture capability can be demonstrated
to be comparable with in-situ probe data,
this technology is not considered useful for
characterisation of New Zealand aquifers at
this time.
The EWT concept has been developed
to obtain a broad sense of patterns on a
global scale rather than to accurately model
groundwater in any given location. As
originally conceived with respect to North
America, the EWT model did not utilize any
satellite remote sensing data. The current
global coverage version uses a land hydrology
model, some of which incorporates satellite
remote sensing inputs. The recharge data
for input to the groundwater flow model
are ‘meant (only) for inferring large-scale
patterns’ and are themselves produced by
a model (Y. Fan, pers. comm., 2013). The
groundwater flow model ‘offers a globally
continuous but simpler view of water table
depth at its natural states’ (Fan et al., 2013a).
This is a climate equilibrium water table that
does not take local geology or groundwater
abstraction into account. When better
aquifer characterisation data are available
for input to the model, model results can be
improved by it, but the model itself cannot
per se be used to characterise aquifers. Given
the ample availability of existing groundwater
monitoring networks in New Zealand and
very poor comparability of EWT estimated
depths with actual observations, the EWT
concept does not appear to be a fruitful
one to pursue for the purpose of aquifer
characterisation in New Zealand.
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Recommendations

Based on this research, it is recommended
that no further effort be made to assess or use
GRACE satellite gravimetry, satellite remote
sensing estimates of P – ET to attempt to
calculate groundwater rainfall recharge,
satellite TIR data to attempt to identify areas
of groundwater-surface water interaction,
satellite remote sensing products to estimate
soil moisture, or the EWT concept for
attempting to characterise New Zealand
aquifers. However, satellite remote sensing
technology can be expected to continue to
develop and these methods should eventually
be re-assessed after substantial improvement
in them occurs.
Satellite InSAR technology should be
applied in test cases in New Zealand for
aquifer characterisation. If subsidence or
uplift is identified using this method, it will
then be necessary to assess other information
regarding what, if any, relationship this has to
groundwater abstraction/recharge.

Acknowledgements
The work reported in this paper was funded
in part by a research grant from the New
Zealand government’s Ministry for Science
and Innovation (now the Ministry for
Business, Innovation and Employment). The
author gratefully acknowledges the assistance
of: (1) Dr Sean Swenson, Associate Scientist,
National Center for Atmospheric Research,
Boulder, CO, USA in providing GRACE
satellite gravimetry data for New Zealand and
his perspective regarding it; (2) Drs Salman
Ashraf (Remote Sensing Scientist) and Ian
Hamling (InSAR Scientist) in GNS’s Lower
Hutt office who gave freely of their time and
advice regarding satellite TIR and InSAR
methods, respectively; (3) Dr Ying Fan
Reinfelder for her gracious discussion of her
work on the EWT concept; (4) Dr Albert van
Dijk of the Australian National University for
his helpful review comments and discussion;

and (5) various other satellite remote sensing
scientists who were so kind as to provide their
perspectives. Rogier Westerhoff of Deltares
(The Netherlands) contributed to the GNS
project work upon which this paper is in part
based. Finally, the cheerful and competent
assistance of Sheena Tawera, GNS librarian
at Wairakei in the literature search is also
acknowledged with gratitude.

References
Aggarwal, S. 2003: Principles of remote
sensing. In: Sikakumar, M.K.V.; Roy, P.S.;
Harmsen, K.; Saha, S.K. (eds.) Satellite Remote
Sensing and GIS Applications in Agricultural
Meteorology. Proceedings of a training work
shop held 7-11 July in Dehra Dun, India.
World Meteorological Organization, Geneva,
Switzerland, 23-38.
Alkhaier, F; Schotting, R.J.; Su, Z. 2009: A
qualitative description of shallow groundwater effect on surface temperature of bare
soil. Hydrology and Earth Systems Science 13 :
1749-1756.
Alkhaier, F. 2011: Shallow groundwater effect on
land surface temperature and surface energy
balance: description, modelling and remote
sensing application. Doctoral dissertation,
ITC dissertation 198, University of Twente,
Enschede, The Netherlands, 148 p.
Alkhaier, F.; Su, Z.; Flerchinger, G.N. 2012:
Reconnoitering the effect of shallow
groundwater on land surface temperature and
surface energy balance using MODIS and
SEBS. Hydrology and Earth System Sciences 16:
1833-1844.
Amelung, F.; Galloway, D.L.; Bell, J.W.; Zebker,
H.A.; Laczniak, R.J. 1999: Sensing the ups and
downs of Las Vegas: InSAR reveals structural
control of land subsidence and aquifer-system
deformation. Geology 27(6): 483-486.
AGU 2012: Chapman conference on remote
sensing of the terrestrial water cycle, Kona,
Hawaii, 19-22 February. Final program
including abstracts. AGU, Washington, DC,
160 p.
Amos, J. 2011: Christchurch quake mapped
from space. BBC News. Accessed May 2013
at http://www.bbc.co.uk/news/scienceenvironment-12668190.

Andersen, O.B.; Seneviratne, S.I.; Hinderer, J.;
Viterbo, P. 2005: GRACE-derived terrestrial
water storage depletion associated with the
2003 European heat wave. Geophysical Research
Letters 32, L18405: 4 p.
Aobpaet. A., Keeratikasikorn, C.,
Trisirisatayawong, I. 2008: Evaluation on the
potential of L-band ALOS PALSAR imageries
for DEM generation and land subsidence
detection using INSAR/DINAR techniques.
Asian Conference on Remote Sensing (ACRS),
2008. Accessed April 2013 at http://www.aa-r-s.org/acrs/proceeding/ACRS2008/Papers/
TS%207.2.pdf.
Aqualinc Research Limited 2009: A NZ
farmer’s guide to soil moisture monitoring.
Christchurch, September, 12 p. Accessed
August 2014 at: www.myirrigation.info.
Baldocchi, D. plus 27 co-authors 2001:
FLUXNET: a new tool to study the temporal
and spatial variability of ecosystem-scale
carbon dioxide, water vapour, and energy flux
densities. Bulletin of the American Meteorological
Society 82(11): 2415-2434.
Bastiaanssen, W.G.M.; Menenti, M.; Feddes,
R.A.; Holtslag, A.A.M. 1998: A remote sensing
surface energy balance algorithm for land
(SEBAL): 2. validation. Journal of Hydrology
212-213: 213-229.
Bettadpur, S. and the UTCSR Level-2 Team
2012: Insights into the Earth System mass
variability from CSR-RL05 GRACE gravity
fields. Geophysical Research Abstracts 14,
EGU2012-6409, EGU General Assembly
2012, 16 p. Accessed March 2013 at http://
www.csr.utexas.edu/grace/RL05.html.
Brocca, L.; Hasenauer, S.; Lacava, T.; Melone,
F.; Moramarco, T.; Wagner, W.; Dorigo, W.;
Matgen, P.; Martínez-Fernández, J.; Llorens,
P.; Latron, J.; Martin, C.; Bittelli, M. 2011:
Soil moisture estimation through ASCAT and
AMSR-E sensors: An intercomparison and
validation study across Europe. Remote Sensing
of Environment 115: 3390-3408.
Brutsaert, W.; Sugita, M. 1992: Regional
surface fluxes from satellite-derived surface
temperatures (AVHRR) and radiosonde
profiles. Boundary-Layer Meteorology 58(4):
355-366.
97

Burbey, T.J. 2003: Use of time-subsidence data
during pumping to characterize specific storage
and hydraulic conductivity of semi-confining
units. Journal of Hydrology 281: 3-22.
Burbey, T.J. 2013: Research in aquifer mechanics
and land subsidence. Department of
Geosciences, Virginia Tech, Blacksburg, VA,
US. Accessed April 2013 at http://www.hydro.
geos.vt.edu/subsidence.html.
Cherkauer, K.A.; Burges, S.J.; Handcock, R.N.;
Kay, J.E.; Kampf, S.E.; Gillespie, A.R. 2005:
Assessing satellite-based and aircraft-based
thermal infrared remote sensing for monitoring
Pacific northwest river temperature. Journal of
the American Water Resources Association 41(5) :
1149-1159.
Curlander, J.C.; McDonough, R.N. 1991:
Synthetic Aperture RADAR: Systems and Signal
Processing, John Wiley & Sons, Inc., NY, 647 p.
Daughney, C. 2011: Proposal. PROP-24489LFR-GNS, GNS, Lower Hutt, 117 p.
de Jeu, R.A.M.; M. Owe. 2003: Further validation
of a new methodology for surface moisture and
vegetation optical depth retrieval. International
Journal of Remote Sensing 24(22): 4559-4578.
de Jeu, R.A.M.; Wagner, W.; Holmes, T.R.H.;
Dolman, A.J.; van de Giesen, N.C.; Friesen, J.
2008: Global soil moisture patterns observed
by space borne microwave radiometers and
scatterometers. Surveys in Geophysics 29 :
399-420.
Dennis, A. 2012a: Mountains - South Island
mountains. Te Ara - the Encyclopedia of New
Zealand. Accessed July 2013 at http://www.
TeAra.govt.nz/en/mountains/page-1.
Dennis, A. 2012b: Mountains - North Island
mountains. Te Ara - the Encyclopedia of New
Zealand. Accessed July 2013 at http://www.
TeAra.govt.nz/en/mountains/page-2.
Draper, C.S.; Walker, J.P.; Steinle, P.J.; de Jeu,
R.A.M.; Holmes, T.R.H. 2009: Evaluation of
AMSR–E derived soil moisture over Australia.
Remote Sensing of Environment 113: 703-710.
Editor 2012: GRACE and water loss from IndoGanga Basin. Journal of the Geological Society of
India 79(2) : 224.
Elliot, J.; Li, Z.; Parsons, B. 2013: February 2011
Christchurch earthquake – preliminary InSAR
observations. COMET, Oxford, UK. Accessed
May 2013 at http://comet.ac.uk/current _
research_chch.html.
98

FRENZ; FRST 2011: Delivering a sustainable
future for freshwater resources. Accessed
July 2013 at http://pacenet.eu/sites/
default/files/Call%20-%20Delivering%20
a%20Sustainable%20Future%20for%20
Freshwater%20Resources_0.pdf.
Famiglietti, J.S.; Lo, M.; Ho, S.L.; Bethune, J.;
Anderson, K.J.; Syed, T.H.; Swenson, S.C. ;
de Linage, C.R.; Rodell, M. 2011: Satellites
measure recent rates of groundwater depletion
in California’s central valley. Geophysical
Research Letters 38(3), L03403: 4 p.
Fan, Y.; Miguez-Macho, G.; Weaver, C.P.; Walko,
R.; Robock, A. 2007: Incorporating water
table dynamics in climate modelling: 1. Water
table observations and equilibrium water table
simulations. Journal of Geophysical Research
112, D10125, doi:10.1029/ 2006JD008111
Fan, Y.; Miguez-Macho, G. 2010: A simple
hydrologic framework for simulating wetlands
in climate and earth system models. Climate
Dynamics 37: 253-278.
Fan, Y.; Li, H.; Miguez-Macho, G. 2013a: Global
patterns of groundwater table depth. Science
339 : 940-943.
Fan, Y.; Li, H.; Miguez-Macho, G. 2013b:
Supplementary materials for global patterns of
groundwater table depth. Science 339, DOI:
10.1126/science.1229881, 58 p.
Fetter, C.W. 2001: Applied Hydrogeology. 4th Ed.,
Prentice Hall, Upper Saddle River, NJ, US,
598 p.
Fischer, D.H. 2012: Fairness and Freedom: A History
of Two Open Societies, New Zealand and the United
States. Oxford University Press, NY, 656 p.
Frederic, F.; Guillaume, R. 2012: Contribution
of GRACE satellite gravimetry in global and
regional hydrology, and in ice sheets mass
balance. In: Nayak, P. (ed.) Water Resources
Management and Modeling. InTech, New
York, USA. Accessed February 2013 at http://
www. intechopen.com/books/water-resourcesmanagement-and-modeling/contributionof-grace-satellite-gravimetry-in-glovel-andregional-hydrology-and-in-ice-sheets-mass-b.
Furuta, R.; Shimada, M.; Tadono, T.; Watanabe,
M. 2005: Interferometric capabilities of ALOS
PALSAR and its utilization. Presentation of
the Fringe, Frascati, Italy. Accessed April 2013
at http://earth.esa.int/fringe05/proceedings/
presentations/847_furuta.pdf.

GNS; MSI 2011: Smart aquifer characterisation.
Contract C05X1102. GNS Science, Lower
Hutt and MSI, Wellington, 33 p.
Glenn, E.P.; Doody, T.M.; Guerschman, J.P.;
Huete, A.R.; King, E.A.; McVicar, T.R.; Van
Dijk, A.I.J.M.; Van Niel, T.G.; Yebra, M.;
Zhang, Y. 2011: Actual evapotranspiration
estimation by ground and remote sensing
methods: the Australian experience.
Hydrological Processes 25: 4103-4116.
Goyal, S.K.; Seyfried, M.S.; O’Neill, P.E.
1999: Correction of surface roughness and
topographic effects on airborne SAR in
mountainous rangeland areas. Remote Sensing
of Environment 67: 124-136.
Gruhier, C.; de Rosnay, P.; Hasenauer, S.; Holmes,
T.; de Jeu, R.; Kerr, Y.; Mougin, E.; Njoku,
E.; Timouk, F.; Wagner, W.; Zribi, M. 2010:
Soil moisture active and passive microwave
products: intercomparison and evaluation over
a Sahelian site. Hydrology and Earth System
Sciences 14: 141-156.
Hamling, I. 2013: Personal communication.
InSAR Scientist, Tectonophysics Department,
GNS Science, Lower Hutt.
Handcock, R.N.; Toregersen, C.E.; Cherkauer,
K.A.; Gillespie, A.R.; Tockner, K.; Faux, R.N.;
Tan, J. 2012: Thermal infrared remote sensing
of water temperature in riverine landscapes.
In: Carbonneau, P.A.; Piegay, H. (eds.) Fluvial
Remote Sensing for Science and Management.
John Wiley & Sons, Ltd., 85-113.
Hanssen, R.F. 2001: Radar Interferometry: Data
Interpretation and Error Analysis. Kluwer
Academic Publishers, Dordrecht, 328 p.
Healy, R.W. 2010: Estimating Groundwater
Recharge. Cambridge University Press,
Cambridge, UK, 245 p.
Henderson, R.; Woods, R.; Singh, S.; Zammit,
C. 2011: Surface water components of New
Zealand’s national water accounts: 1995-2010.
Report prepared for Statistics New Zealand,
NIWA, Christchurch, June, 45 p.
Hendriks, M.R. 2010: Introduction to Physical
Hydrology. Oxford University Press, 352 p.
Henry, C.M.; Demon, H.; Allen, D.M.; Kirste,
D. 2012: Groundwater recharge and storage
variability in southern Mali. In: Treidel, H.;
Martin-Bordes, J.L.; Gurdak, J.J. (eds.) Climate
Change Effects on Groundwater Resources. CRC
Press, Boca Raton: 33-48.

Hornbeck, R.; Keskin, P. 2012: The historically
evolving impact of the Ogallala aquifer:
agricultural adaptation to groundwater and
drought. Discussion Paper 12-39, Harvard
Environmental Economics Program, J.F.
Kennedy School of Government, Harvard
University, Cambridge, MA, 40 p.
JPL 2012: At 10, GRACE continues defying
and defining, gravity. Press release: CalTech,
Pasadena. Accessed February 2013 at
h t t p : / / w w w. j p l . n a s a . g o v / n e w s / n e w s .
php?release=2012-077.
Jovanovic, N.; Israel, S. 2012: Critical review
of methods for the estimation of actual
evapotranspiration in hydrological models. In:
Irmak, A. (ed.) Evapotranspiration – Remote
Sensing and Modeling. InTech Europe, Rijeka,
Croatia: 329-350.
Killough, B.D. 2014: NASA mission update.
Presentation at JECAM meeting, 21-23
July, Ottawa, Canada. Head CEOS Systems
Engineering Office, NASA, Langley, VA.
King, E.A.; Van Niel, T.G.; Van Dijk, A.I.J.M.;
Wang, Z.; Paget, M.J.; Raupach, T.;
Guerschman, J.; Haverd, V.; McVicar, T.R.;
Miltenburg, I.; Raupach, M.R.; Renzullo,
L.J.; Zhang, Y. 2011: Actual evapotranspiration
estimates for Australia; inter-comparison and
evaluation. CSIRO, 151 p.
Kinzelbach, W.; Brunner, P.; Boetticher, A. von;
Kgotlhang, K.; Milzow, C. 2014: Sustainable
water management in arid and semi-arid
regions. In: Wheater, H.S. (ed.) Groundwater
Modeling in Arid and Semi-Arid Areas.
Cambridge University Press, 158 p.
Kruiver, P.; Kleuskens, M.; Westerhoff, R.S. 2011:
Terrafirma Report, Core User Needs and User
Standards Dossier U1, Version 5.2, May 2011.
Available upon request from info@terrafirma.
eu.com.
Lakhankar, T.; Jones, A.S.; Combs, C.L.; Sengupta,
M.; Vonder Haar, T.H.; Khanbilvardi, R.
2010: Analysis of large scale spatial variability of
soil moisture using a geostatistical method.
Sensor 10: 913-932.
Leblanc, M.; Tweed, S.; Ramillien, G.; Tregoning,
P.; Frappart, F.; Fakes, A.; Cartwright, I. 2012:
Groundwater change in the Murray basin from
long-term in-situ monitoring and GRACE
estimates. In: Treidel, H.; Martin-Bordes,
J.L.; Gurdak, J.J. (eds.) Climate Change Effects
on Groundwater Resources. CRC Press, Boca
Raton, 169-187.
99

Lin, H. 2012: Hydropedolog y: Synergistic
Integration of Soil Science and Hydrology.
Academic Press, Waltham, MA, 858 p.
Long, D.; Longuevergne, L.; Scanlon, B.R.
2014: Uncertainty in evapotranspiration from
land surface modeling, remote sensing, and
GRACE satellites. Water Resources Research
50(2) : 1131–1151.
Longuevergne, L.; Scanlon, B.R.; Wilson, C.R.
2010: GRACE hydrological estimates for small
basins: evaluating processing approaches on
the High Plains aquifer, USA. Water Resources
Research 46, W11517, 15 pages.
Massonnet, D.; Feigl, K.L. 1998: Radar
interferometry and its application to changes
in the Earth’s surface. Reviews of Geophysics 36:
441-500.
Matinfar, H.R. 2012: Evapotranspiration
estimation base upon SEBAL model and
fieldwork. Annals of Biological Research 3(5):
2459-2463.
McMillan, H.K.; Svrinivasan, M.S. 2014:
Controls and characteristics of variability in
soil moisture and groundwater in a headwater
catchment. Hydrology and Earth System Sciences
Discussions 11: 9475-9517.
Meijerink, A.M.J.; Bannert, D.; Batelaan, O.;
Lubczynski, M.W.; Pointet, T. 2007: Remote
sensing applications to groundwater. IHP-VI
Series on Groundwater No. 16, UNESCO,
Paris, Chapter 5, p 89-101.
Ministry for the Environment 2009: The New
Zealand land cover database. Accessed July
2013 at http://www.mfe.govt.nz/issues/land/
land-cover-dbase.
Miguez-Macho, G.; Fan, Y.; Weaver, C.P.;
Walko, R.; Robock, A. 2007: Incorporating
water table dynamics in climate modelling:
2. Formulation, validation, and soil moisture
simulation. Journal of Geophysical Research 112,
D13108, doi:10.1029/2006JD008112, 16 p.
Miguez-Macho, G.; Li, H.; Fan, Y. 2008:
Simulated water table and soil moisture
climatology over North America. Bulletin of the
American Meteorological Society 89: 663-672.
Miralles, D.G.; De Jeu, R.; Gash, J.H.; Holmes,
T.R.H.; Dolman, A.J. 2011a: Magnitude
and variability of land evaporation and its
components at the global scale. Hydrology and
Earth System Sciences 15: 967-981.
100

Miralles, D.G.; Holmes, T.R.H.; De Jeu, R.A.M.;
Gash, J.H.; Meesters, A.G.C.A; Dolman,
A.J. 2011b: Global land-surface evaporation
estimated from satellite-based observations.
Hydrology and Earth System Sciences 15: 453-469.
Moiwo, J.P.; Yang, Y.; Li, H.; Han, S.; Hu, Y.
2009: Comparison of GRACE with in situ
hydrological measurement data shows storage
depletion in Hai River basin, Northern China.
Water SA 35: 663-670.
Moot, D.; Mills, A.; Lucas, D.; Scott, W. 2013:
Country pasture/forage resource profiles: New
Zealand. Food and Agricultural Organization
of the United Nations, Rome, Italy.
Accessed July 2013 at http://www.fao.org/
ag/AGP/AGPC/doc/counprof/newzealand/
newzealand1.htm.
Mu, Q.; Zhao, M.; Running, S.W. 2011:
Improvements to a MODIS global terrestrial
evapotranspiration algorithm. Remote Sensing
of Environment 225: 1781-1800.
NASA. 2003: Studying the Earth’s gravity
from space: the gravity recovery and climate
experiment (GRACE). Fact Sheet FS-20021-029-GSFC, Goddard Space Flight Center,
Greenbelt, MD, USA, 6 pages.
NASA. 2013: GRACE mission. NASA,
Washington, DC, USA. Accessed January 2013
at http://www.nasa.gov/mission_pages/Grace.
NDMC. 2013: Monitoring tools. University
of Nebraska-Lincoln, Lincoln, Nebraska.
Accessed March 2013 at http://drought.unl.
edu/MonitoringTools.aspx.
NIWA. 2014: Statement of core purpose.
Accessed December 2014 at: https://www.
niwa.co.nz/ about/scp.
Osmanoglu, B.; Dixon, T.; Wdowinski, S.;
Cabral-Cano, E.; Jiang, Y. 2011: Mexico City
subsidence observed with persistent scatterer
InSAR. International Journal of Applied Earth
Observation and Geoinformation 13: 1-12.
Owe, M.; de Jeu, R.A.M.; Holmes, T.R.H.
2008: Multi-sensor historical climatology of
satellite-derived global land surface moisture.
Journal of Geophysical Research 113, F01002,
doi:10.1029/2007JF000769.
Pandey, V.; Pandey, P.K. 2010: Spatial and
temporal variability of soil moisture.
International Journal of Geosciences 1: 87-98.

Paschotta, R. 2008: Encyclopedia of Laser Physics
and Technology. Wiley-VCH, Weinheim,
Berlin, Germany, 844 pages.
Prakash, A. 2000: Thermal remote sensing:
concepts, issues and applications. International
Archives of Photogrammetry and Remote Sensing
XXXIII Part B1: 239-243.
Ramoelo, A.; Majozi, N.; Mathieu, R.; Jovanovic,
N.; Nickless, A.; Dzikiti, S. 2014: Variation of
global evapotranspiration product (MOD16)
using flux tower data in the African Savanna,
South Africa. Remote Sensing 6(8): 7406-7423.
Renzullo, L.J.; Chappell, A.; Raupach, T.; Dyce,
P.; Ming, L.; Sahao Q. 2011: An assessment
of statistically blended satellite-gauge
precipitation data for daily rainfall analysis in
Australia. Proceedings of the 34th International
Symposium on Remote Sensing of Environment,
Sydney, Australia, 10-15 April.
Rodell, M.; Houser, P.R.; Jambor, U.; Gottschalk,
J.; Mitchell, K.; Meng, C.J.; Arsenault, K.;
Cosgrove, G.; Radakovich, J.; Bosilovich, M.;
Entin, J.K.; Walker, J.P.; Lohmann, D.; Toll,
D. 2004: The global land data assimilation
system. Bulletin of the American Meteorological
Society 85: 381-394.
Rosen, M.R.; White, P.A. (eds.) 2001: Ground
waters of New Zealand. New Zealand
Hydrological Society, Wellington North, 498
pages.
Sabel, D. 2013: Monitoring soil moisture with
earth observation satellite radars in the Mekong
Basin. Session 123-5, Topic 05. Paper presented
at the Mekong Environmental Symposium
2013, Ho Chi Minh City, Vietnam, 5-7
March. Accessed May 2013 at http://www.
mekong-environmental-symposium-2013.org/
frontend/index.php.
Samsonov, S.; Beavan, J.; Gonzalez, J.; Tiampo,
K.; Fernandez, J. 2011: Ground deformation
in the Taupo Volcanic Zone, New Zealand,
observed by ALOS PALSAR interferometry.
Geophysical Journal International 187: 147-160.
Scanlon, B.R.; Longuevergne, L.; Long, D. 2012:
Groundwater depletion and sustainability of
irrigation in the US High Plains and Central
Valley. Proceedings of the National Academy of
Sciences of the United States of America 109(24):
9320-9325.

Science Daily. 2009: Satellites unlock secret to
Northern India’s vanishing water. Accessed
February 2013 at http://www.sciencedaily.
com/releases/2009/08/090812143938.htm.
Science Mission Directorate. 2010: Infrared
waves. National Aeronautics and Space
Administration. Accessed July 2013 at
http://missionscience.nasa.gov/ems/07_
infraredwaves.html.
SCKCEN. 2013: The evapotranspiration process.
Belgina Nuclear Research Centre, Boeretang,
Belgium, 7 pages. Accessed April 2013 at http://
www.sckcen.be/en/media/files/ our-research/
waste-disposal/the-evapotranspriration-process
(sic).
Simons, G.; Voogt, M. 2012: Refined assessment
of soil moisture and water consumption on
the irrigated Canterbury Plains. Report
No. R12/59, Environment Canterbury,
Christchurch, 23 pages.
Smart, G. 2005: Analysis of degradation: Waikato
River, Karapiro to Ngaruawahia. Environment
Waikato, Hamilton East, 31 pages. Accessed
July 2013 at http://www. waikatoregion.govt.
nz/PageFiles/11266/1026617-part1.pdf.
Sohrabinia, M. 2013: Estimation of the nearsurface air temperature and soil moisture from
satellites and numerical modeling in New
Zealand. Doctoral dissertation, University of
Canterbury, Christchurch, 157 pages.
Su, C.-H.; Ryu, D.; Young, R.; Western, A.W.;
Wagner, W. 2013: Inter-comparison of
microwave satellite soil moisture retrievals over
the Murrumbidgee Basin, southeast Australia.
Remote Sensing of Environment 134 : 1-11.
Sutanadjaja, E.H. 2012: The use of soil moisture
– remote sensing products for large-scale
groundwater modeling and assessment. Utrecht
Studies in Earth Sciences 025, PhD thesis.
Swenson, S.; Wahr, J. 2006: Estimating largescale precipitation minus evapotranspiration
from GRACE satellite gravity measurements.
Journal of Hydrometeorology 7: 252-270.
Tregoning, P.; McClusky, S.; van Dikj, A.I.J.M.;
Crosbie, R.S.; Pena-Arancibia, J.L. 2012:
Assessment of GRACE satellites for groundwater
estimation in Australia. Waterlines Report,
National Water Commission, Canberra,
82 pages.
101

UTCSR. 2013: GRACE. UTCSR, University of
Texas, Austin, TX, USA. Accessed March 2013
at http://www.csr.utexas.edu/grace.
van Zyl, J. J.; Chapman, B.D.; Dubois, P.; Shi,
J. 1993: The effect of topography on SAR
calibration. IEEE Transactions on Geoscience
and Remote Sensing 31(5): 1036-1043.
Wagner, W.: Lemoine, G.; Borgeaud, M.; Rott,
H. 1999: A study of vegetation cover effects on
ERS scatterometer data. IEEE Transactions on
Geoscience and Remote Sensing 37(2): 938-948.
Wagner, W.; Naeimi, V.; Scipal, K.; de Jeu, R.;
Martínez-Fernández, J. 2007: Soil moisture
from operational meteorological satellites.
Hydrogeology Journal 15(1): 121-131.
Wahr, J.M. 2007: Time-variable gravity from
satellites. In: Herring, T.A. (ed.) Treatise
on Geophysics: Geodesy. Volume 3. Elsevier,
Amsterdam, The Netherlands, pages 213-237.
Westerhoff, R.; White, P. 2014: Application of
equilibrium water table estimates using satellite
measurements to the Canterbury Region, New
Zealand. GNS Science Report 2013/43,
25 pages.
Wen, J.; Su, Z.; Ma, Y. 2003: Determination of
land surface temperature and soil moisture
from tropical rainfall measuring mission/
microwave imager remote sensing data. Journal
of Geophysical Research 108(D2): ACL 2-1 –
ACL 2-10.
White, P.W.; Reeves, R.R. 2002: The volume
of groundwater in New Zealand 1994-2001.
Client Report 2002/79 prepared for Statistics
New Zealand, GNS, Wairakei, 33 pages.
Accessed July 2013 at http://www.stats.govt.nz.
Williams, M.; Richardson, A.D.; Reichstein,
M.; Stoy, P.C.; Peylin, P.; Verbeeck, H.;
Carvalhais, N.; Jung, M.; Hollinger, D.Y.;
Kattge, J.; Leuning, R.; Luo, Y.; Tomelleri, E.;
Trudinger, C.M.; Wang, Y.-P. 2009: Improving
land surface models with FLUXNET data.
Biogeosciences 6: 1341-1359.

Yirdaw, S.Z.; Snelgrove, K.R. 2011: Regional
groundwater storage from GRACE over the
Assiniboine delta aquifer (ADA) of Manitoba.
Atmosphere-Ocean 49(4): 396-407.
Zemansky, G.M.; White, P.; Hong, T.; Scarsbrook,
M. 2007: Defining the groundwater-surface
water system: Christchurch, New Zealand
case study. Paper presented at GQ07:
Securing Groundwater Quality in Urban
and Industrial Environments. Proceedings of
the 6th International Groundwater Quality
Conference. Fremantle, Western Australia, 2-7
December, 8 pages.
Zemansky, G.M.; Hong, T.; White, P.; Timar,
L.; Song, S.; Thorstad, J. 2010: Framework for
assessment of climate impacts on New Zealand’s
hydrological systems. GNS Report 2010/57,
GNS, Wairakei, 253 pages.
Zemansky, G.M.; Westerhoff, R. 2015:
Evaluation of selected satellite remote sensing
methods for application to characterization of
New Zealand aquifers. GNS Report 2013/28,
GNS, Wairakei, 134 pages.
Zhao, D.; Bingkai, S.U.; Zhao, M. 2006: Soil
moisture retrieval from satellite images and
its application to heavy rainfall simulation in
eastern China. Advances in Atmospheric Sciences
23(2): 299-316.
Zhu, Q.; Liao, K.; Xu, Y.; Yang, G.; Wu, S.;
Zhou, S. 2012: Monitoring and prediction of
soil moisture spatial-temporal variations from
a hydropedological perspective: a review. Soil
Research 50(8): 625-637.

Manuscript received 12 September 2013; accepted for publication 18 August 2015

102

