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Abstract
Over the past few decades, considerable 
pressure has been placed on groundwater 
resources in New Zealand due to increasing 
groundwater abstraction. Effective 
management of groundwater resources 
requires information on a range of physical 
and chemical properties. Understanding 
the interaction between groundwater and 
surface water is an important component 
of water resources management. However, 
conventional methods used to obtain this 
information can be very time consuming and 
expensive. In this paper, conventional and 
novel techniques developed for identifying 
and quantifying groundwater–surface water 
interaction are outlined and discussed within 
the New Zealand hydrological context. The 
paper concludes with a summary of the 
advantages and limitations of each technique 
and examples of application in New Zealand.
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Introduction
Groundwater is a very important resource 
throughout New Zealand for economic, 

municipal, socio-cultural and environmental 
uses (White and Rosen, 2001). Effective 
management of groundwater resources 
relies on accurate information regarding 
hydraulic properties, groundwater volume, 
groundwater quality, and the location and 
extent of interaction with surface water 
(White and Rosen, 2001; Klug et al., 2011). 
Conventional methods to obtain information 
on groundwater quantity and quality (e.g., 
drilling, aquifer testing, river flow gauging, 
water sampling) tend to be labour intensive 
and costly, and can have high levels of 
uncertainty in large-scale applications 
(Brodie et al., 2007; Klug et al., 2011). In 
particular, understanding the location and 
magnitude of groundwater–surface water 
(GW–SW) interaction processes is essential 
for water resource management in New 
Zealand. For example, understanding GW–
SW interaction processes helps to set goals for 
water management including preservation of 
aquatic habitat by maintaining groundwater 
discharge to surface water features (Loheide 
and Gorelick, 2006); setting sustainable 
water allocation levels through quantifying 
groundwater recharge from surface 
water features and infiltration of rainfall; 
quantifying offshore groundwater discharge; 
and understanding effects of stream 
depletion due to groundwater pumping 
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(PDP and Environment Canterbury, 2000). 
This information is important for effective, 
integrated water resource management. The 
National Policy Statement for Freshwater 
Management requires GW–SW interactions 
to be considered for setting freshwater 
objectives and quantifying required 
environmental flows and water levels.

Studies undertaken to quantify GW–SW 
interactions at the site-specific or catchment 
scale in New Zealand are generally based 
on limited spatial and temporal field 
measurements due to time, labour and 
budgetary constraints. As a result, the GW–
SW interaction in a hydrological system is 
often poorly understood (Klug et al., 2011). 
Traditional methods used to characterise 
GW–SW interaction are prohibitively time 
consuming and costly for wide-scale, detailed 
application, as they generally provide data 
at limited spatial and temporal resolution. 
For example, the traditional method for 
quantifying water flow into or out of a 
stream through concurrent gauging only 
provides information about the gauging 
location. It can also be difficult to apply this 
technique in the braided gravel river systems 
of New Zealand, due to the occurrence of 
multiple river channels and/or transient flow 
within the hyporheic zone, and parafluvial 
flow. The accuracy of methods that utilise 
Darcy’s Law to estimate interaction are often 
constrained by the limited distribution of 
field measurements of hydraulic head and 
aquifer hydraulic conductivity. 

Therefore, techniques that quickly and 
accurately identify and quantify GW–SW 
interaction at the local and catchment scale 
are required. It is essential to get insight 
into the volume and timing of groundwater 
recharge from rainfall and locations of 
groundwater interchange with rivers, lakes, 
wetlands, and coastal environments. 

Reviews of GW–SW interaction, 
including governing mechanisms and 

traditional methods used to characterise 
GW–SW interaction, have been produced by 
Brodie et al. (2007), Kalbus et al. (2006) and 
Sophocleous (2002). Coluccio and Morgan 
(2019) reviewed methods for measuring 
GW–SW exchange focusing on braided rivers 
in New Zealand. These reviews are built upon 
in this paper, and appropriate techniques for 
characterising GW–SW interaction in New 
Zealand hydrological settings are identified 
and discussed. 

Groundwater–surface water interaction 
settings
Interaction between groundwater and 
surface water can occur anywhere a surface 
water body overlies groundwater, either 
directly or via an intervening unsaturated 
zone. The interaction can be terrestrial or 
coastal. Terrestrial interactions occur at rivers, 
springs, lakes and wetlands, whereas coastal 
interactions occur in estuaries and near-shore 
environments. GW–SW interaction can 
occur from the groundwater to the surface 
water feature, or vice versa, depending on 
the relative hydraulic head. For any single 
hydrological setting or feature, the direction 
of water movement can vary temporally and 
spatially. In the following sections, GW–SW 
interaction processes are described in a range 
of hydrological settings with reference to 
examples throughout New Zealand. 

Exchange of water between groundwater 
and rivers, streams and lakes can be 
considered from the local to catchment scale. 
The hyporheic zone is the region of sediment 
and porous space beneath and alongside a 
stream bed, where there is mixing of shallow 
groundwater and surface water (Lewandowski 
et al., 2019). The exchange of water between 
the stream and the adjacent aquifer is called 
the Hyporheic Exchange Flow (HEF).

Rivers
Significant GW–SW interaction in river 
systems is very common in New Zealand. 
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Figure 1 – Relationship between the groundwater table and the stream surface 
in gaining and losing streams (Winter et al., 1998). 

The baseflow of many rivers is via diffuse 
groundwater inflow or discrete spring 
discharge, termed gaining reaches (Fig. 1). 
Similarly, a component of recharge to many 
New Zealand aquifer systems is from river 
flow loss, termed losing reaches. 

Examples where considerable gaining 
reaches have been identified and studied in 
New Zealand include spring-fed streams 
within the Lake Rotorua and Lake Taupo 
catchments (Morgenstern, Daughney et al., 
2015); Tākaka River, associated with the 
Waikoropupū Springs (Williams, 2004); and 
headwaters of the Avon River and Heathcote 
River, Christchurch (White, 2009). Many 
gravel aquifer systems in New Zealand that 
are important sources of agricultural and 
municipal water supply are known to be 
recharged by river flow loss. For example, 
water from the Ngaruroro River (Hawke’s 
Bay) is lost to the Heretaunga Plains aquifer 
system (Dravid and Brown, 1997); water 
from the Hutt River (Wellington) is lost 
to the Hutt Valley aquifer system (Morgan 
and Hughes, 2001); and water from the 
Waimakariri River (Canterbury) is lost to 
the Christchurch aquifer system (White et 
al., 2012). Examples of known dynamic 
interaction, where a river may lose water to 
groundwater in one reach and gain water 
in another reach, include the Tukituki and 
Waipawa rivers in the Ruataniwha Plains, 
Hawke’s Bay (Morgenstern et al., 2012) and 
the Waimea River, Nelson (Fenemor, 1988). 

Rapid rises in river stage, for example 
during flood events or flow release for power 

generation, cause water to flow from the river 
into the river banks, termed bank storage 
(Sophocleous, 2002). Most of the water that 
enters the banks and temporarily increases 
the groundwater storage returns to the river 
within days or weeks. Groundwater may flow 
from the unsaturated zone to surface water 
and back to groundwater, which is called 
interflow. However, large flood events that 
overtop the banks may cause widespread 
groundwater recharge (Winter et al., 1998). 
Through this process, bank storage reduces 
flood peaks and contributes to the base flow 
of rivers. 

Lakes 
Lakes interact with groundwater by either 
receiving from or losing to groundwater over 
the entire lakebed, or more commonly, over 
different areas of the lakebed. In a geologically 
homogeneous setting groundwater inflow 
is concentrated in the littoral zone. Under 
some water table and geological conditions 
both recharge and discharge areas occur 
within a lake (Dingman, 2002). GW–SW 
interactions in lakes differ from that of 
rivers and streams in several ways (Winter 
et al., 1998). Firstly, bank storage is not as 
important because lake water levels do not 
change as rapidly as river and stream water 
levels. Secondly, evaporation has a greater 
effect in lakes because they are characterised 
by a larger surface area, and generally have a 
lower proportion of shaded area. Thirdly, the 
distribution of seepage in lakes is affected by 
the greater occurrence of low-permeability 
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organic sediments, particularly away from the 
shoreline. Wave action around the perimeter 
of a lake tends to remove the fine-grained 
sediment and facilitates GW–SW interaction. 

Wetlands
Wetlands are defined in the Resource 
Management Act (1991; s. 2) as ‘permanently 
or intermittently wet areas, shallow water, 
and land water margins that support a 
natural ecosystem of plants and animals that 
are adapted to wet conditions’. A national 
classification of wetlands includes swamps, 
bogs, and fens (Johnson and Gerbeaux, 2004). 
Wetlands in New Zealand have received 
increased attention due to recognition of their 
cultural and environmental significance as 
habitats for endangered species, and their role 
in flood control, water storage and nutrient 
removal (Tanner and Sukias, 2003). New 
Zealand has seven internationally recognised 
significant wetlands (‘Ramsar sites’): Firth 
of Thames, Manawatu River Mouth and 
Estuary, Whangamarino, Wairarapa Moana, 
and Kopuatai Peat Dome in the North Island 
and Farewell Spit and Awarua Waituna 
Lagoon in the South Island. 

Wetlands can be surface expressions of 
the shallow water table in low-lying areas 
and occur in landscapes where groundwater 
discharges to land, or where near-surface 
sediments restrict the infiltration of water. 
Wetlands can also receive their predominant 
source of water from groundwater. For 
example, the Rarangi Wetland (Marlborough) 
is the surface expression of the Rarangi 
shallow aquifer system, where the water table 
intersects the ground surface in low-lying 
areas between sand dunes (Davidson and 
Wilson, 2011). Groundwater interaction 
with wetlands is similar to that with rivers, 
streams and lakes in that they can receive 
groundwater, recharge groundwater, or both 
processes can occur. However, interaction 
with wetlands differs from rivers and lakes 
with respect to the ease with which water 

moves through wetland beds (Winter et al., 
1998). The fine-grained, highly decomposed 
organic sediments that are often found at 
the perimeter of wetlands restrict GW–SW 
interaction, whereas the transfer of water 
may be much greater in parts of the wetland  
bed that contain highly permeable fibrous 
root mats. 

Coastal
GW–SW interaction in coastal regions 
occurs via direct water transfer between 
the groundwater and the ocean or estuary. 
This interaction can occur as submarine 
groundwater discharge (SGD) to the ocean 
where terrestrial aquifers extend offshore. 
Alternatively, abstraction of groundwater 
from an aquifer with a hydraulic connection 
to the sea may induce inflow of saline water 
from the sea towards the well. In estuaries, 
daily tidal flooding can cause interaction 
similar to that of river flooding (Winter et al., 
1998); however, the timing and magnitude of 
tidal flooding is more predictable and bank 
storage is saline or brackish. Evaporation 
directly from the land surface can account 
for a considerable loss of water in coastal 
environments. In particular, in locations 
where the land surface is flat and the water 
table is close to the land surface, deep-
rooted plants transpire water at nearly their 
maximum rate. There have been few estimates 
of the location and magnitude of GW–SW 
transfer in the coastal region, although several 
important aquifer systems in Christchurch 
(North Canterbury Catchment Board and 
Regional Water Board, 1986), Lower Hutt 
(Wellington Regional Council, 1995) and 
the Heretaunga Plains (Dravid and Brown, 
1997) are inferred or known to have SGD 
occurring. Examples of studies undertaken 
in New Zealand to characterise SGD for 
specific aquifers or locations include offshore 
discharge as an extension of Te Waikoropupū 
Springs system, Golden Bay (Williams, 1977) 
and the Heretaunga Plains aquifer system in 



97

Hawke’s Bay (Meyniel, 2015). Increasing 
volumes of groundwater abstraction from 
New Zealand aquifers in coastal areas increase 
the risk of landward movement of seawater. 
A New Zealand guideline describes how to 
monitor changes over time and benchmark 
the saltwater interface at particular points 
(Callander et al., 2011). 

Physical factors that constrain groundwater–
surface water interaction
Key physical factors that control GW–SW 
interaction include:
• difference in hydraulic head between 

groundwater and surface water;
• difference in water density due to 

a temperature gradient between 
groundwater and surface water;

• difference in water density due to salinity 
differences between groundwater and 
surface water;

• bed conductance of the surface water 
body;

• permeability and storage within the 
underlying geological formation(s); and

• topography.
The primary driving mechanism for GW–

SW interaction is the difference in hydraulic 
head between the groundwater and surface 
water bodies. This is because the hydraulic 
pressure provides the energy for groundwater 
flow (Winter et al., 1998). Hydraulic head 
differences may occur in three dimensions 
(i.e., the horizontal and vertical planes) 
arising because of water level differences. As 
described previously, interaction of water 
can occur from groundwater to surface 
water or vice versa, depending on the relative 
hydraulic head difference between the 
two. The magnitude of the hydraulic head 
difference is a factor that determines the rate 
at which flow will occur. The process is more 
complicated when density differences, due 
to salinity or temperature differences, also 
influence the flow of groundwater. In the case 
of a considerable density difference between 

the groundwater and surface water, hydraulic 
heads need to be corrected to calculate 
the correct flow between groundwater and 
surface water.

Bed conductance of a surface water body 
determines the rate at which water will flow 
across the GW–SW interface. It reflects the 
physical properties of the bed materials, 
which may be influenced by the local 
underlying or upstream geology, including 
sediment composition and grain size. In 
circumstances where the underlying geology 
is relatively impermeable, a considerable 
accumulation of silt is present within the 
bed, or where the water body is perched or 
disconnected from the groundwater system, 
then GW–SW interaction may not occur, 
even where a difference in head exists.

Methods for quantifying 
interaction
Typical methods for quantifying GW–SW 
interaction are presented in the following 
sub-sections, including a discussion on the 
advantages and disadvantages of each method. 
These methods include measurements at 
point scale (such as seepage meters and 
concurrent flow gauging), at stream scale 
(such as heat and environmental tracers) and 
at catchment scale (such as remote sensing).

Point measurements of hydraulic  
conductivity
Methods based on Darcy’s Law focus on 
measurement of groundwater and surface 
water levels, and hydraulic gradients to 
estimate the movement of groundwater 
from aquifers into surface water and vice 
versa. This process relies heavily on point 
measurements of groundwater and surface 
water levels, and as a consequence can be 
subject to unacceptable levels of uncertainty 
when applied to an entire catchment. 

Ex-situ methods, including particle 
size distribution analysis, provide a less 
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costly estimation of the permeability 
compared to aquifer testing. However, 
loss of sample structure during the sieving 
process compromises the degree to which 
values obtained in this way represent in-situ 
conditions. In particular, if the sample is 
taken from a highly stratified material, the 
measured values are likely to be considerably 
different to in-situ values. 

Seepage meters can provide direct 
measurement of the water flux across the 
GW–SW interface at a single point or 
multiple points. Various types of seepage 
meters have been developed and tested 
(Lee, 1977). Bag-type seepage meters 
consist of a bottomless cylinder vented to a 
plastic bag. The cylinder is inserted into the 
sediment, and the meter can measure flux 
in either direction. To measure groundwater 
discharge, a deflated plastic bag is used to 
collect water as it flows from the groundwater 
to the surface water. To measure surface 
water discharge to groundwater, a known 
volume of water is filled into the bag prior to 
installation, and the volume loss is calculated. 
In addition, the temperature can be measured 
with a sensor and thus provide an alternative 
for the estimate of flow using the temperature 
difference of the water in and outside the 
chamber related to the residence time (Gibbs 
et al., 2005). Seepage meters can be installed 
quickly and cheaply in a variety of locations 
including lakes, rivers, streams and estuaries. 
However, operation of the collection bags 
can be problematic and can influence the 
measurement of hydraulic head in the bag. 
To overcome this, automated seepage meters 
have been developed equipped with various 
types of flow meters using heat pulses, 
ultrasonic signals, dye or electromagnetic 
methods (Shinn et al., 2002; Taniguchi and 
Yoshiaki, 1993). In gravel beds it may be 
difficult to ensure an effective seal between 
the seepage chamber and the sediments. 

Whilst seepage meters can be used to 
quickly distinguish between gaining and 

losing water bodies at a point scale, the the 
usefulness of the method to quantify these 
interactions at a catchment scale is limited. 
A large number of seepage meters and/
or measurements is required to enable the 
range and variation of fluxes. Seepage meters 
have been questioned by some researchers, 
including Kalbus et al. (2006) and Keery et 
al. (2007), because the measurements may be 
influenced by shallow throughflow or HEF.

Seepage meters have been used in 
different environments in New Zealand. 
Bed conductance was determined in smaller 
creeks in the Wairau Valley, Marlborough 
(Sinclair, 2006). Measurements of streambed 
conductance were too low to quantify flow 
volume and significant variability existed 
between nearby sites. These results potentially 
reflect the actual variability in streambed 
sediments on bed conductance and may 
indicate the disturbance of these sediments 
by the seepage meter itself. Grimon and 
Srinivasan (2011) installed permanent and 
temporary seepage meters in a Canterbury 
spring-fed stream, Halcombe Creek. Repeated 
measurements showed consistent and reliable 
results. Gibbs et al. (2005) measured seepage 
rates of groundwater inflow in Whangamata 
Bay and Whakaipo Bay (Lake Taupō) using 
seepage samplers at depths up to 6.5 m 
below lake level. The seepage meters were 
located on the lake bed, where cold water was 
interpreted to indicate groundwater influx, as 
previously detected by scuba divers.

Aquifer testing
Hydraulic conductivity (K) can be obtained 
from the literature based on the geological 
composition of the aquifer. However, as 
K can vary by several orders of magnitude 
for a particular geology and/or within the 
same geological unit, site-specific K values 
are preferred (Brodie et al., 2007). In-situ 
measurements of K are typically obtained 
by aquifer testing (e.g., pumping test, slug 
test) using wells. An extensive and costly 
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aquifer test programme may be required to 
adequately capture the variation in K at the 
catchment scale. It is also possible to quantify 
the interaction between groundwater and 
surface water by analysis of the drawdown 
data from pumped and observation wells. 
Mini piezometers are useful to estimate 
vertical hydraulic gradient and conductivity 
at many different locations. 

Concurrent flow gauging 
One common approach to quantify 
groundwater inflow to a stream or river, 
and losses from the river to groundwater, is 
to measure flow rates at various sites along 
the length of the watercourse (Harvey and 
Wagner, 2000). Changes in flow between sites 
are used to create a water gain–loss profile for 
the watercourse with the changes attributed to 
interactions with the underlying groundwater. 
Flow measurements are typically undertaken 
during low flow conditions. Measurement 
uncertainty associated with gaugings are 
often in the range of 5 to 10%, which can be 
greater than the water gain or loss. However, 
analysis of large catchments or catchments 
with complicated stream networks requires 
gauging at many locations and can therefore 
be very time consuming. 

The concurrent gauging method is 
regularly applied in larger New Zealand 
rivers to quantify GW–SW interactions, for 
example, in the Ngaruroro River, Hawke’s Bay 
(Johnson, 2011); Hutt River, Wellington; and 
Waimakariri River, Canterbury (Nagy, 2016; 
Mosley and McKerchar, 1989). To interpret 
GW–SW interactions, data processing on 
hydrographs or more sophisticated statistical 
models is required.

Environmental tracer methods
Environmental tracers such as hydro-
chemistry, stable isotopes (radon), age tracers 
(tritium, CFCs, SF6 and Halon-1301) and 
dissolved gases can be used to investigate 
groundwater velocities, flow paths, and the 

mean transit time (Cook and Herczeg, 2000) 
and identify and quantify the GW–SW flux. 
A tracer technique can be used to show local 
heterogeneities in groundwater travel time, 
particularly in locations where the underlying 
geology is dominated by preferential flow 
in fissures. However, the tracer test results 
are typically location specific and may not 
be applicable elsewhere in the catchment. 
Thus, tracer testing is most readily applied 
in a single reach of a stream, or in detail 
for a relatively small catchment. Prior to 
conducting a tracer test, it is generally 
necessary to invest considerable time in 
producing a well-developed conceptual 
model of the system which can then be used 
to design an optimum sampling strategy. 

Hydrochemistry
Conductivity, acidity and/or the levels of 
naturally occurring cations (e.g., calcium, 
magnesium, sodium and potassium) and 
anions (e.g., chloride, bicarbonate and 
sulphate) are sometimes distinctly different 
in groundwater compared to surface water 
bodies and therefore these can be used as 
indicators of groundwater discharge to 
surface water. Groundwater chemistry is 
highly dependent on the lithology and 
processes that influence the groundwater 
quality. Groundwater chemistry analysis 
and conductivity measurements can 
be used to distinguish the inflow from 
different types of aquifers (Wilding, 2018). 
Hydrochemical tracer testing requires 
contrast in hydrochemical composition and 
measurement of the incremental change 
in dilution or composition of the targeted 
tracer (e.g., chloride, conductivity) along a 
reach for a mass balance approach (Harvey 
and Wagner, 2000). Hydrochemistry has the 
potential to assist in groundwater age dating 
in New Zealand when distinct relationships 
are made for a variety of geological, climatic 
and flow regimes (Beyer et al., 2014).
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Age and gas tracers
Besides natural tracers, industrial chemicals 
introduced since the 1950s can be used 
to prove the presence of relatively young 
groundwater (< 50–70 years) in surface water 
bodies. Examples include chlorofluorocarbons 
(CFCs) and sulphur hexafluoride (SF6). 
In New Zealand, CFCs and SF6 have been 
used in many studies (Beyer et al., 2014). 
Some early studies used CFCs only, but it 
has since been recognised that the gas tracers 
are best used in conjunction with tritium 
for groundwater age determination (Beyer et 
al., 2014). These tracers have been used to 
examine the influence of groundwater on the 
water quality of Lakes Taupō and Rotorua 
(Morgenstern, 2004, 2007; Morgenstern 
and Gordon, 2006) and Pukemanga 
Stream (Stewart et al., 2007). New tracers 
are needed for more robust age estimates, 
especially to detect the contribution of young 
groundwater. Halon-1301 was recently 
identified as a new groundwater age tracer 
to date groundwater recharged after 1980 
(Beyer et al., 2017). 

The stable isotope composition of water 
varies in different water bodies due to 
fractionation effects, and therefore can be 
used to distinguish between high altitude 
(river-sourced) and low altitude (local rain-
sourced) recharge and discharge sources 
(Morgenstern, van der Raaij et al., 2015). 
The Global Meteoric Water Line (GMWL) 
provides an average global linear relationship 
between hydrogen and oxygen (Brodie et 
al., 2007). The ratios of hydrogen and 2H 
(deuterium) and oxygen 18O are applied 
to characterise the recharge source of 
groundwater in an age range from a few 
months to five years. Comparison of the 
stable isotope data for surface water and 
groundwater samples relative to the global 
or local MWLs can provide information on 
processes and the difference in transit time 
distribution of the water since rainfall.

The Canterbury Plains are an ideal place 
to employ the 14C groundwater dating 
method, because many of the aquifers 
contain little marine carbonate (Stewart, 
2012). Based on 18O measurements the 
Waimakariri River was identified as the major 
source of the deep groundwater in the aquifer 
system, thus the groundwater age could be 
modelled using measured 14C concentration 
by combining the records of its two carbon 
sources, biogenic carbon and atmospheric 
CO2 (Stewart, 2012). A synthesis of a wide 
range of age tracers was used for the uniform 
interpretation of the groundwater in the 
Manawatū-Wanganui region, identifying 
the groundwater recharge rates and areas of 
recharge and discharge (Morgenstern, van 
der Raaij et al., 2015). Ambiguous or local 
inputs to groundwater result in misleading 
estimates of age. An ideal groundwater age 
tracer should exactly replicate the behaviour 
of groundwater flow and mixing, although 
in reality the model to determine the age 
distribution of groundwater is subject to 
interpretation of groundwater flow and 
dispersion processes.

Radioactive isotopes
Radioactive isotopes have unstable nuclei 
that decay over time. Tritium (3H) is a well-
known radioactive isotope of hydrogen that 
had peak concentrations in precipitation in 
the mid-1960s as a result of above-ground 
nuclear bomb testing conducted at that time. 
In the Southern Hemisphere, the remaining 
bomb tritium has declined to very low levels, 
making this an effective tool to characterise 
the mean transit time in New Zealand waters 
(Stewart, 2012). Tritium has a decay time of 
12.32 years. Alternatives to prove local inputs 
of relatively younger and older groundwater 
in streams are, respectively, the use of Radon 
(222Rn), with a very small decay time of  
3.8 days, and 14C with a relatively long decay 
time (Brodie et al., 2007). Radon was used 
to investigate recharge to the Canterbury 
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Plains aquifer from the Waimakariri River, 
although a lack of information about the 
effective recharge area and effective porosity 
of the aquifer precluded any recharge flux 
estimation from the radon data (Close et al., 
2014) 

Heat tracer methods
Heat tracer methods utilise the temperature 
contrast between surface water and 
groundwater, based on the theory that in 
a temperate climate such as New Zealand 
groundwater temperatures remain relatively 
constant throughout the year, whilst surface 
water temperatures typically have seasonal 
and/or diurnal variation. Consequently, 
methodologies based on measurement of 
heat transfer can be used to indicate the 
presence of gaining and losing reaches of a 
water body (e.g., river, lake, stream, wetland) 
and quantify the flux between groundwater 
and surface water bodies by measurement of 
groundwater and surface water temperatures 
and temperature-based models. 

A surface water body with loss to 
groundwater will have more temperature 
variation than a water body that gains from 
groundwater. In the former, temperature 
variations due to atmospheric heat inputs 
cause diurnal and seasonal temperature 
cycles. In the latter, the diurnal and seasonal 
temperature cycles are dampened by the 
inflow of more constant-temperature 
groundwater. In streams and rivers where 
groundwater inflow and HEF occur, the 
temperature of the streamflow is influenced 
by both processes. Hyporheic exchanges 
cause a time lag and a buffering of the stream 
temperature, whereas groundwater fluxes 
result in a more abrupt change in stream 
temperature (Loheide and Gorelick, 2006). 

The challenge is to transfer the measured 
temperatures into fluxes. With the equation 
derived by Stallman (1963) simultaneous 
transfer of heat and water can be calculated 
through saturated sediments. Today, 

integrated heat and groundwater transport 
finite-element models in 2D or 3D are 
available, such as SUTRA, FEFLOW, 
TOUGH2 and VS2DH. Measuring surface 
water temperatures at a point scale, a 
simple energy balance formula can be used 
to calculate the ratio between the volumes 
of inflow and outflow. To quantify the 
hydrological fluxes, Westhoff et al. (2011) 
coupled an energy balance model with a 
routing and advection-dispersion model to 
calculate temperatures at regular temporal 
and spatial intervals.

Point measurements
A simple test site for measurement of  
GW–SW heat transfer can be set up using 
point measurements. Measurements can 
be made from multi-level piezometers and 
temperature data loggers, which are placed 
at discrete points within the groundwater 
and surface water systems. While such an 
experimental approach can be undertaken 
efficiently for relatively short reaches of a river 
or stream, application at the catchment scale 
requires considerable expense in terms of 
equipment and number of installations, and 
therefore a considerable data management 
and resource effort.

Fibre-optic distributed temperature sensing
Over the past decade, fibre-optic distributed 
temperature sensing (FODTS) has been 
used to identify GW–SW interaction. This 
technology was originally developed in the 
late 1980s by the oil and gas industries for 
pipeline monitoring, fire detection and 
protection, and other industrial applications 
(Kersey, 2000; Tyler et al., 2009). Since the 
mid-2000s, precise, robust, affordable and 
user-friendly FODTS systems have become 
commercially available, which has facilitated 
FODTS use in environmental applications 
(Selker et al., 2006). FODTS instruments 
use the Raman spectra scattering of light in 
a fibre-optic cable to measure temperature 
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along the cable. The Raman spectra comprise 
two frequencies (Stokes and anti-Stokes), 
which are each shifted by a predictable 
wavelength from that of the incident light 
(Selker et al., 2006), which is dependent 
on temperature. The advantage of FODTS 
over traditional methods of temperature 
measurement is that FODTS can provide 
accurate (to ±0.01oC) combined temperature 
measurements at high spatial (~1 m) and 
temporal (< 1 minute) resolution over large 
distances (e.g., kilometres). Localised zones 
of groundwater discharge can be detected at 
abrupt variations in streambed temperature. 
Small changes in stream temperature indicate 
diffuse seepage of groundwater into the stream 
(Lowry et al., 2007). However, collection 
of data at this scale and resolution presents 
separate challenges for data management 
and interpretation, and FODTS equipment 
deployment requires two or three people in 
the field, which may result in high costs. 

In New Zealand, application of FODTS 
was first trialled in 2012 in the Waihou River 
(including the Blue Spring), Waikato, and 
subsequently in 2013 in the Ngongotaha 
Steam, Bay of Plenty. A one-dimensional 
transient heat transport model was used to 
quantify the magnitude of spring discharge at 
the Ngongotaha Stream banks (Moridnejad, 
2015). To further test the applicability of 
FODTS in New Zealand, deployments 
were conducted in typical New Zealand 
hydrogeological settings, including volcanic 
(e.g., Reporoa Basin, Waikato) and alluvial 
(e.g., Heretaunga Plains and Ruataniwha 
Plains, Hawke’s Bay) aquifers. A range 
of river morphologies and flow regimes 
from 100 L/s to 2,000 L/s were trialled 
(Moridnejad, 2015). Temperature differences 
between groundwater and surface water were 
sufficient to localise groundwater inflow. 

Remote sensing imagery
Although groundwater lies in the sub-
surface, and air- and satellite-based radar and 

radiometers can normally penetrate only few 
centimetres into the ground, interactions 
between groundwater and surface water 
systems may be observed from space. In 
particular, differences in heat and occurrence 
of vegetation may be used as indicators for 
GW–SW interactions. 

Satellite imagery
Landsat and Terra (with an ASTER 
instrument) are satellites with a high thermal 
(0.3–0.4 K) and spatial (60–120 m) resolution 
(Zemansky and Westerhoff, 2013), although 
this is too coarse a resolution to detect  
GW–SW interactions in New Zealand 
streams. A high resolution (e.g., 2 × 2 m grid) 
would be required to show the location of an 
individual spring (Becker et al., 2004). Thus, 
satellite imagery will have more applicability 
for identifying groundwater inflows to lakes 
and coastal areas than smaller scale streams 
and rivers. Remote sensing information can be 
combined with on-the-ground measurements 
to refine information from a coarse to a fine 
scale. Satellite and airborne imagery could 
detect general locations of groundwater 
inflow to inform placement of FODTS 
measurements. Heat mapping at different 
scales, including Landsat satellite images, 
airborne imagery, and FODTS temperature 
measurements, was applied in Waikato, New 
Zealand, in two bays of Lake Taupō, the 
Waikato River, and the Torepatutahi Stream 
(Lovett et al., 2015). 

The continued improvement in spatial 
and temporal resolution of satellite 
thermal infrared (TIR) imagery offers new 
possibilities for this technique in the future. 
At present, the cost of commercially available 
satellite imagery data can vary significantly; 
however, all of the Landsat images are in 
the public domain and may be used for free 
(http://landsat.gsfc.nasa.gov/). 

Other satellite remote sensing techniques 
include multi-spectral imagery, such as 
Landsat thematic map (TM) imagery, for 
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parameters including moisture content, 
vegetation type and vegetative water stress, 
land use and terrain as indicators for 
groundwater seepage. A method is available 
to provide accurate, high-resolution daily 
images of soil moisture, anywhere on earth, 
by combining microwave data obtained from 
different satellites (de Jeu et al., 2014). In 
addition, satellite remote sensing can also 
be used to identify geological features that 
control seepage flux. These features can be 
processed to map landscape indicators of 
GW–SW interaction, and can be integrated 
with non-remote sensing data to increase the 
utility of the technique. 

Coastal areas
Many researchers have found that in brackish 
waters the bulk of groundwater discharge 
to surface water occurs by diffuse flow in a 
narrow zone (Ballestero and Roseen, 2003) 
at the interface between the saltwater wedge 
and the freshwater groundwater body. TIR 
is capable of detecting this intertidal water 
exchange by delineating the thermal signature 
of groundwater discharge. The temperature 
contrast between the up-welling fresh 
groundwater and the surface water has been 
reported at various locations, such as in the 
United States (Banks et al., 1996). However, 
Meijerink et al. (2007) states groundwater 
fluxes in diffuse flow form are usually too 
small to create a temperature contrast at 
the surface, except in sheltered places such  
as lagoons. 

Lakes and wetlands
Landsat TIR imagery was used (Zemansky 
and Westerhoff, 2013) to verify whether 
groundwater enters the bottom of the lakes 
via subsurface springs in the Chatham Islands, 
New Zealand. Processing of the Landsat TIR 
imagery indicated that the temperature in 
the centre of the lake was 1.5°C warmer in 
winter and about the same magnitude cooler 

in summer than the rest of the lake. It was 
concluded that this may be the result of ‘a 
plume of water’ contributed by groundwater. 

Wetlands in the Waituna catchment in 
Southland were identified using Landsat 
imagery in combination with LiDAR-based 
terrain indices (Uuemaa et al., 2015). Landsat 
images alone were too coarse to distinguish 
the jagged boundaries of the wetlands. 
Extra LiDAR topography data enabled the 
delineation of wetlands in the size range  
0.1–0.2 ha. 

Streams
Zones within a stream in which the water 
temperature is being influenced by inflow of 
groundwater can be identified where there is 
a detectable temperature difference between 
the shallow groundwater and stream water 
and the ratio of the flux of groundwater to 
streamflow is relatively high (Zemansky and 
Westerhoff, 2013). A drawback is that the 
images only provide details about the surficial 
water temperature rather than GW–SW 
interaction at the bed. The best chance of 
success is during winter conditions, when 
warmer shallow groundwater rises to the 
surface through cooler streamflow (Meijerink 
et al., 2007). However, winter generally 
coincides with highest stream flow rates 
relative to influent shallow groundwater 
fluxes, meaning that summer may be a better 
option, depending on the stream flow regime. 

Springs
Springs in water bodies can be detected using 
thermal images in locations where the surface 
temperature can be obtained from thermal 
images (Meijerink et al., 2007). However, the 
low spatial resolution (e.g., 100 x 100 m) and 
temporal resolution in which satellite remote 
sensing data are collected often limits the 
applicability of satellite imagery for detecting 
springs, especially at a scale of an individual 
river or stream. 
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Thermal infrared cameras (handheld  
and airborne)
Recent advancements and a reduction in 
cost of infrared cameras have facilitated more 
widespread application of TIR imaging. 
Using a TIR handheld camera at the ground 
level gives a two-dimensional overview of 
the temperature distribution. This, too, can 
provide information on the spatial patterns 
of temperature in the surface water body 
and identify seepage areas and/or submerged 
groundwater inflow. A limitation of the 
handheld TIR technique is that the image 
is affected by electromagnetic radiation 
emitted from Earth (longwave radiation) and 
reflectance. These effects can be overcome 
by increasing the vertical angle (i.e., taking 
the image from an elevated position such as a 
bridge) or radially moving around the object 
(Schuetz and Weiler, 2011). In deep water 
with thermal stratification effects the use of 
TIR will be limited.

With the use of TIR imagery, it is possible 
to detect groundwater at the seepage face and 
get an insight into the groundwater flux at a 
centimetre scale (Deitchman and Loheide, 
2009). Groundwater inflow (baseflow) could 
be estimated accurately with TIR imagery in 
combination with simulation of the stream 
energy budget (Loheide and Gorelick, 2006; 
Schuetz and Weiler, 2011). Forward-looking 
infrared (FLIR) cameras acquire thermal 
views of the terrain ahead of an aircraft. 
Resolution from a helicopter flying at a height 
of 120–160 m above ground level could 
provide a resolution of 0.18 m (Loheide and 
Gorelick, 2006). Flying the same river stretch 
at different times of the day (including 
night time) allows for diurnal differences 
in temperature contrast to be detected and 
can increase the amount of information 
obtained on GW–SW interactions. The TIR 
technique allows large areas to be flown in a 
relatively short time, and the results can be 
used to identify localised areas of interest for 
further investigation. 

Summary and considerations
Available and suitable techniques for the  
New Zealand setting
Internationally, there are many different 
techniques available to characterise GW–
SW interaction. In New Zealand, practical 
techniques including concurrent flow 
gauging and isotope analyses have been 
widely used due to the relatively low 
sampling cost and time requirements. Flow 
gauging is particularly suitable for river 
reaches that show a homogeneous inflow 
from groundwater to surface water. However, 
New Zealand streams and rivers are often 
connected with a heterogenous geology, 
where tracers can provide more insight into 
local differences in groundwater inflow and 
water age. Considerable experience has been 
gained using (radioactive) tracers (e.g., tritium 
and radon). New tracer techniques are being 
researched and developed, to guarantee future 
use to trace younger groundwater inflow in 
New Zealand. Tracers are especially suitable 
for making a fractionation in groundwater 
(type) contribution, age determination, 
and groundwater origin where there is a 
sufficient foundation knowledge about local 
geology and the impact on water flows. 
However, there is a lack of hydrogeological 
knowledge for the majority of streams, rivers 
and lakes in New Zealand. In this situation, 
other techniques, such as measuring water 
temperature differences, can be used to 
obtain a spatial view of GW–SW interaction. 
Mapping the water temperature remotely 
or in situ with sensors or FODTS can trace 
locations with potential groundwater inflow 
into surface water. 

Losing rivers (i.e., where river flow 
recharges groundwater systems) are a common 
phenomena in New Zealand, making it 
difficult to determine how much water is 
infiltrating because most techniques lack 
sufficient insight in groundwater move ment. 
Flow gauging remains a suitable technique for 
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losing rivers. For all techniques, it becomes 
more difficult to measure groundwater 
inf luence where the groundwater 
contribution is relatively small in relation to 
total river discharge.  

Groundwater modelling can support  
better understanding 
In New Zealand there are many streams and 
rivers discharging high volumes of water, 
in which case it will be useful to combine 
groundwater and surface water models 
to quantify GW–SW interactions. Eigen 
models or analytical solutions are useful to 
develop and support a conceptual model 
of the catchment for understanding and 
quantification of flows between groundwater 
and surface waters. To understand and 
evaluate cross-catchment interactions, 3D 
groundwater modelling based on sufficient 
understanding of the geo-hydrological 
properties will provide insight into the 
regional groundwater flow and surface water 
interactions.  

Summary of techniques for quantifying  
GW–SW interaction
To effectively collate existing information on 
techniques available to measure GW–SW 
interaction, the table presented by Brodie 
et al. (2007) has been adapted for the New 
Zealand setting (Table 1). In this table,  
GW-SW interaction techniques are 
summarised, taking into account the 
scale of application, limitations, costs and 
applicability to different types of GW–SW 
interaction, along with examples of technique 
application in New Zealand. 

Different techniques provide information 
at different scales, from point level (e.g., 
groundwater levels, FODTS temperature) to 
larger areas (e.g., remote sensing). Densely 
spaced point measurements may improve 
the resolution of parameters, but often 
a combination of techniques at different 
scales gives the optimal result. The choice 

of appropriate measurement techniques 
represents a trade-off between the need to 
capture information across the catchment 
as a whole, and providing sufficient detail to 
address the uncertainty surrounding specific 
parameters that form vital components of 
analytical solutions or models.

The temporal scale at which data are 
collected must also be considered. The 
measurement time needs to be adjusted to 
the flow characteristics under consideration. 
For example, high-frequency monitoring 
is needed to capture tidal fluctuations or 
flood events, and low-frequency, long-term 
monitoring is needed to capture seasonal and 
annual variability.

Aside from scientific limitations of each 
method, there will always be the practical 
issue of trying to obtain the most robust 
datasets possible within the financial and 
time constraints of a project. All techniques 
have their own advantages and limitations, 
which are relevant to the selected case study 
area and available measurement locations. 
Limitations and uncertainties are present 
in all methods; therefore, it is important to 
undertake a multi-scale approach combining 
multiple techniques. Knowledge about 
GW–SW interaction can be improved by 
combining measurements at different spatial 
and temporal scales, and the use of traditional 
techniques can help to test and calibrate 
novel techniques. 

Final considerations
Groundwater–surface water interactions 
are complex and have a major impact on 
water availability in a range of hydrological 
environments throughout New Zealand. 
This paper has summarised the methods 
available and examples of their application in 
New Zealand to characterise groundwater–
surface water interaction, at a range of scales. 

Braided rivers are relatively common 
in New Zealand, particularly in the South 
Island. However, the volumes and locations 
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Table 1 – Summary of techniques for measuring groundwater–surface water exchange  
(based on Brodie et al., 2007)

Technique Spatial scale Temporal scale Advantages Limitations Costs Examples from New Zealand
Application

Spring
River / 
stream

Lake / 
wetland

Coast / 
estuary

Seepage meters Local (points) Short (days/ weeks) Seepage meters 
are simple and 
inexpensive to 
construct and 
provide a semi- 
quantitative 
measurement.

Potentially 
significant 
measurement 
errors due to 
meter design 
and operation. 
Unsuitable for high 
stream flow, and 
gravel and heavy 
clay sediment beds. 
Point measurement 
only.

Low to medium Wairau Valley, Marlborough; 
Whakaipo and Whangamata Bay, Lake Taupo, 
Waikato; Halcombe Creek, Canterbury; 
Avon River, Canterbury. 

No Yes Yes Limited. 

Darcy’s Law Local (points)  
to regional  
(net analysis)

Short to medium Allows direct local 
measurement of 
potential seepage 
direction.

Relies on a 
reasonable estimate 
of hydraulic 
conductivity to 
quantify seepage 
flux.

Low to medium.

Becomes more 
expensive if new 
bores have to be 
drilled

Ngaruroro River, Hawkes Bay;
Rakaia and  Waimakariri Rivers, Canterbury;
Wairarapa valley, Wellington. 

Yes Yes Limited Yes

Concurrent 
gauging

Intermediate to
regional

Short to medium Obtained quickly 
when using 
existing stream 
flow monitoring 
sites. Provides 
estimate of 
aggregate seepage. 

Measurement 
errors in 
streamflow data 
can be significant, 
generally ±10% 
accepted as 
error. Must be 
conducted during 
stable streamflow 
conditions.

Low to medium

Becomes more 
expensive if 
gaugings have to 
be repeated 

Ngaruroro River, Hawke’s Bay;
Hutt River, Wellington; Waimakariri River, 
Canterbury.

Yes Yes Limited Limited.

Environmental 
tracers

Local to regional;
depends on scope 
of water sampling
survey.

Short to medium Useful in 
quantifying 
seepage flux and 
defining key 
hydrological 
processes

Interpretation of 
environmental 
tracer results may 
require a high 
level of knowledge 
about catchment 
geology and flow 
mechanisms

Low to medium. 
Hydrochemical 
tracers are generally 
less expensive 
than isotopes and 
gases used for age 
dating (in which 
case a specialised 
laboratory is 
needed)

Waimakariri River, Canterbury; 
Lake Taupō and Waikato River, Waikato; 
Lake Rotorua and Lake Tarawera catchments, 
Bay of Plenty; Pukemanga Stream, Waikato.

No Yes Yes Limited.

Heat tracers
Heat tracers

Local (probes) 
to intermediate 
(FODTS)

Short to medium Less variation 
compared 
with hydraulic 
properties

Interpretation of 
results requires 
other assessment 
methods.

Low (probes) to 
medium (FODTS)

Ngongotoha Stream, Bay of Plenty;
Tutaekuri-Waimate Stream and  
Kahahakuri Stream, Hawke’s Bay; 
Waihou Rriver, Waikato;
Whakaipo Bay, Lake Taupo, Waikato.

Yes Yes Yes Yes

Remote 
imaging

Local (airborne) to 
regional (satellites)

Short (time of 
measurement)

Allows rapid, non-
invasive mapping

Can require 
complex data 
processing and 
calibration. Spatial 
and temporal 
resolution may not 
be sufficient.

Low (satellite)  
to high (airborne 
TIR)

Chatham Islands; Waikato River and  
Lake Taupo, Waikato; 
Waituna, Southland.

Limited Yes Yes Yes
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Table 1 – Summary of techniques for measuring groundwater–surface water exchange  
(based on Brodie et al., 2007)

Technique Spatial scale Temporal scale Advantages Limitations Costs Examples from New Zealand
Application

Spring
River / 
stream

Lake / 
wetland

Coast / 
estuary

Seepage meters Local (points) Short (days/ weeks) Seepage meters 
are simple and 
inexpensive to 
construct and 
provide a semi- 
quantitative 
measurement.

Potentially 
significant 
measurement 
errors due to 
meter design 
and operation. 
Unsuitable for high 
stream flow, and 
gravel and heavy 
clay sediment beds. 
Point measurement 
only.

Low to medium Wairau Valley, Marlborough; 
Whakaipo and Whangamata Bay, Lake Taupo, 
Waikato; Halcombe Creek, Canterbury; 
Avon River, Canterbury. 

No Yes Yes Limited. 

Darcy’s Law Local (points)  
to regional  
(net analysis)

Short to medium Allows direct local 
measurement of 
potential seepage 
direction.

Relies on a 
reasonable estimate 
of hydraulic 
conductivity to 
quantify seepage 
flux.

Low to medium.

Becomes more 
expensive if new 
bores have to be 
drilled

Ngaruroro River, Hawkes Bay;
Rakaia and  Waimakariri Rivers, Canterbury;
Wairarapa valley, Wellington. 

Yes Yes Limited Yes

Concurrent 
gauging

Intermediate to
regional

Short to medium Obtained quickly 
when using 
existing stream 
flow monitoring 
sites. Provides 
estimate of 
aggregate seepage. 

Measurement 
errors in 
streamflow data 
can be significant, 
generally ±10% 
accepted as 
error. Must be 
conducted during 
stable streamflow 
conditions.

Low to medium

Becomes more 
expensive if 
gaugings have to 
be repeated 

Ngaruroro River, Hawke’s Bay;
Hutt River, Wellington; Waimakariri River, 
Canterbury.

Yes Yes Limited Limited.

Environmental 
tracers

Local to regional;
depends on scope 
of water sampling
survey.

Short to medium Useful in 
quantifying 
seepage flux and 
defining key 
hydrological 
processes

Interpretation of 
environmental 
tracer results may 
require a high 
level of knowledge 
about catchment 
geology and flow 
mechanisms

Low to medium. 
Hydrochemical 
tracers are generally 
less expensive 
than isotopes and 
gases used for age 
dating (in which 
case a specialised 
laboratory is 
needed)

Waimakariri River, Canterbury; 
Lake Taupō and Waikato River, Waikato; 
Lake Rotorua and Lake Tarawera catchments, 
Bay of Plenty; Pukemanga Stream, Waikato.

No Yes Yes Limited.

Heat tracers
Heat tracers

Local (probes) 
to intermediate 
(FODTS)

Short to medium Less variation 
compared 
with hydraulic 
properties

Interpretation of 
results requires 
other assessment 
methods.

Low (probes) to 
medium (FODTS)

Ngongotoha Stream, Bay of Plenty;
Tutaekuri-Waimate Stream and  
Kahahakuri Stream, Hawke’s Bay; 
Waihou Rriver, Waikato;
Whakaipo Bay, Lake Taupo, Waikato.

Yes Yes Yes Yes

Remote 
imaging

Local (airborne) to 
regional (satellites)

Short (time of 
measurement)

Allows rapid, non-
invasive mapping

Can require 
complex data 
processing and 
calibration. Spatial 
and temporal 
resolution may not 
be sufficient.

Low (satellite)  
to high (airborne 
TIR)

Chatham Islands; Waikato River and  
Lake Taupo, Waikato; 
Waituna, Southland.

Limited Yes Yes Yes
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of surface water–groundwater exchange in 
the alluvial plains and underlying physical 
processes, especially in low flow conditions, 
remain poorly understood. It is most 
important to gain knowledge about the 
fluxes during low flow conditions when 
groundwater–surface water interactions 
play an relatively important role in the total 
water balance. This knowledge gap was a 
driver for development of a five-year research 
programme (2019–2024) to provide more 
quantification of groundwater recharge in 
various braided river systems. The techniques 
outlined in this paper are vital for informing 
the characterisation of groundwater–surface 
water interactions in the braided rivers 
research programme and any other similar 
investigation undertaken in New Zealand. 
Further development and improvement of 
techniques to chacterise groundwater–surface 
water interaction is required. 
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