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A B S T R A C T

The extended National Waters Inventory of Scotland (NWIS) monitoring network in combination with an ex-
tensive, supplementary low flow sampling campaign was used to create isoscapes of surface water for man-
agement purposes at high spatial resolution (100m grid) across Scotland. The δ2H isoscape shows a strong
isotopic separation along a north-south and east-west topographic (mountainous to the north and west and
lowlands to the east) and climatic (wetter west, drier east) gradients. Isotopes were enriched in the western
domain and depleted in the east and central Highland domains. The surface water d-excess isoscape show more
complex spatial variability mainly related to contrasting moisture sources (sub-tropical North Atlantic Ocean,
the North Sea, Polar Continental, and the Arctic) as well as secondary evaporation processes. The two-year NWIS
isotope record exhibited a significant seasonal evaporative effect on surface water isotopes that progresses from
winter through to a maximum in autumn as indicated by Local Evaporation Lines (LELs). The surface water
isoscapes can be efficiently reproduced with geographically weighted regression (GWR) models using gridded
annual precipitation, remotely sensed actual evapotranspiration, land cover, soil wetness, catchment area, and
mean elevation. The GWR models showed potential to assess isotopic changes under future climate and land use
change.

1. Introduction

The concept of “isotopic landscapes” or “isoscapes” (West et al.,
2010) has become a valuable tool to understand hydro-climatic pro-
cesses and their effect on water resources across different spatial scales
(Bowen and Revenaugh, 2003; Terzer et al., 2013; Jasechko et al.,
2013; Evaristo et al., 2015; Good et al., 2015). Historically, the use of
stable water isotopes in the environmental sciences was dependent on
analytical capability. Fortunately, the development of inexpensive in-
strumentation based on laser spectroscopy has greatly enhanced our
ability to characterise the temporal and spatial variability of isoscapes
at high resolution (Gupta et al., 2009; Good et al., 2014; Munksgaard
et al., 2014). Recently, isoscapes have emerged as a low-cost and ef-
fective tracer visualization technique to understand precipitation dy-
namics (Lachniet and Paterson, 2009; Sánchez-Murillo et al., 2016a,
2016b), groundwater recharge mechanisms (Heilweil et al., 2009;

Jasechko and Taylor, 2015; Sánchez-Murillo et al., 2016a, 2016b),
paleoclimate (Vimeux et al., 2005; Lachniet, 2009; Risi et al., 2010),
and ultimately, enhance water resources management (Bowen and
Good, 2015). However, to use isoscapes as a physically-based man-
agement tool - as advocated by Bowen and Good (2015) - the spatial
resolution needs to cover regional as well as local scales. The latter
requires sampling efforts able to generate a complete spatial re-
presentation of complex terrain. A sufficiently high density of ob-
servations is particularly important in mountainous landscapes due to
the complex interaction of hydro-meteorological processes and small
scale landscape heterogeneity (Yamanaka et al., 2015).

In addition to characterising spatial variation with the highest
possible density monitoring network, the geostatistical method used for
spatial interpolation is also critical. There are several algorithms
available and all have advantages or disadvantages, but there is little
guidance as to which algorithm is the most suitable for isoscape
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applications. Common approaches use a) relatively simple nearest
neighbour-related interpolations (such as spline and inverse distance
weighting) or b) linear regression, taking explanatory variables such as
elevation, latitude, distance to the ocean, slope, and stream network
into account (Bowen and Revenaugh, 2003; Wassenaar et al., 2009;
Kaseke et al., 2016). Newer network-related algorithms, tailored to
take, for example, stream networks into account are also available
(Bowen et al., 2011). However, few isotope studies look to incorporate
the most basic features of spatial heterogeneity for interpolation. The
class of “geographically weighted regression” (Fotheringham et al.,
2002) explicitly allows a comprehensive assessment of different ex-
planatory variables that are potentially related to isotopes, their spatial
patterns and the physical processes governing water isotope fractiona-
tion.

Oxygen-18 (δ18O) or deuterium (δ2H) isoscapes have been used as a
potential indicator to explain moisture origin and evaporative fractio-
nation processes which lead to observed isoscapes and their potential
practical application to water management (Sánchez-Murillo et al.,
2016a, 2016b). More recently, isotopes are increasingly analysed to-
gether with the deuterium excess (d-excess= δ2H-8·δ18O; originally
proposed by Dansgaard, 1964). The d-excess is the y-intercept of the
global meteoric water regression line (GMWL) with a value of +10‰.
If the d-excess departs from+10‰, particularly for lower values, this is
a potential indication of land surface evaporation that affects the iso-
topic composition. Jouzel et al. (2013) mentions that precipitation d-
excess values may deviate from +10‰ due to a combination of three
factors: a) a relative humidity (RH) increase in the precipitation source,
b) a decrease in sea surface temperature (SST), and c) greater wind
speeds (> 7ms−1) affecting the evaporation regime and subsequent
kinetic fractionation. Furthermore, the recycling of transpiration fluxes,
which could represent up to 80–90% of terrestrial evapotranspiration
(Jasechko et al., 2013), may affect the parental isotope composition of
precipitation. Such changes, may in combination with catchment spe-
cific characteristics, ultimately affect surface water isotopes. Similarly,
indices such as the lc-excess based on the deviation from the Local
Meteoric Water Line (LMWL) rather than the GMWL proved a useful
indicator of evaporative fractionation mainly at smaller catchment
scales (Sprenger et al., 2016). Therefore, the composition of stable
isotopes in combination with derivatives such as the d-excess can be
powerful tools to explain spatial variation of the components of the
hydrological cycle (e.g. precipitation, evapotranspiration and surface
waters) and any deviation from the observed and interpolated average
conditions caused by environmental changes including climate and
land use changes.

Isoscapes and their physical drivers are particularly useful in areas
with marked precipitation, temperature and topographical gradients.
Scotland represents a heterogeneous environment and we, therefore,
build on previous work by Darling and Talbot (2003) and Tyler et al.
(2016) who first constructed precipitation isoscapes for the British Isles.
In this study, we focus on surface water isotope data and analyse spatial
variability at a national (Scottish) scale, interpolated to relatively high
spatial resolution (100m grid), to inform management decisions from
regional to local scale. Inferences on moisture sources covering Scot-
land could be made from surface water isotopes, even in absence of
precipitation isotope records, providing that catchment characteristics
are accounted for. To relate isoscapes to environmental characteristics
as explanatory variables of their average spatial variability, we con-
structed geographically weighted regression (GWR) models. The GWR
models can capture such spatial heterogeneity explaining important
drivers on surface water isoscapes and can serve as a learning tool for
potential future isotopic changes driven by environmental (climate and
land use) change.

The specific objectives were:

a) To analyse and complement the National Waters Inventory of
Scotland (NWIS) stable isotope data base for spatial patterns using

regression and interpolation techniques.
b) To relate the surface water isotopes to environmental variables to

identify important drivers of spatial patterns using GWR models
across Scotland.

c) To evaluate GWR models for construction of surface water isoscapes
and the relationship to precipitation source moisture.

2. Background, monitoring and methods

2.1. Site description and precipitation, surface water and groundwater
monitoring

Surface water sites (rivers) for stable water isotope analysis (number
of sites (n)= 90) across Scotland were sampled at approximately
monthly intervals using a standard protocol for two years from 2011 to
2013. The monitoring sites were mostly established as part of the
National Water Inventory for Scotland project (NWIS) to systematically
assess the environmental state of Scottish water bodies as required by
the European Union Water Framework Directive (Dawson et al., 2012).
The sites corresponded to the Harmonised Monitoring Scheme (HMS –
Ferrier et al., 2001) that is managed by the Scottish Environmental
Protection Agency (SEPA) (Fig. 1A–C) and was recently used by Spezia
et al. (2017) for water quality classification. The NWIS sites were
complemented with research sites of at least monthly sampling from the
University of Aberdeen to improve spatial coverage (n=14; Soulsby
et al., 2014, 2015). The monitoring network covers catchments
from<1 km2 to the largest Scottish catchment (River Tay) with
~4900 km2 (Table S1). The sites also span a wide range of elevations
(from lowlands to highlands with a maximum altitude of
~1300m a.s.l.) (Fig. 1A), land uses (intense agriculture, forested,
urban, and heather moorland), and the observed marked west-east
Scottish climate gradient (high rainfall up to ~3myr−1 in the west
compared to the much drier east coast with annual rainfall of
~800mm yr−1) (Fig. 1B) (Birkel et al., 2013). Air temperature (mean
annual temperature across Scotland, MAT=6.3 °C) decreases with al-
titude in correspondence to an environmental lapse rate of close to
−0.6 °C/100m (Fig. 1C) and the southwest is milder compared to a
cooler east. Soils range from intensively farmed brown earth soils along
the east coast to podzolic soils over much of the Highlands with less
developed inceptisols on the steeper hillslopes. The valley bottoms and
hilltop areas are frequently dominated by organic rich histosols. The
soil cover importantly affects recharge and runoff generation processes
across Scotland (Soulsby et al., 2006).

In addition, 29 groundwater wells were monitored over the same
period, but sites are concentrated on the east coast and are located
mostly within Scottish Monitored Priority Catchments identified as
Nitrate Vulnerable Zones (NVZ). The wells cover a range of depths from
10m to 50m of mostly sedimentary rocks (old red sandstone), glacial
(till, sand, and gravel), and alluvial (sand, gravel) deposits. As a re-
ference, we included data from five precipitation monitoring sites
compiled from the published literature concentrated on the east coast
and the highlands (Soulsby et al., 2014, 2015). Apart from the high-
temporal resolution (daily) and localised precipitation data collected by
Soulsby et al. (2014, 2015), the coverage of precipitation isotope in-
formation over the whole of Scotland, is scarce for the period
2011–2013 and only one historic Global Network of Isotopes in Pre-
cipitation (GNIP) station existed with data for 1965 (Eskdalemuir). Due
to insufficient NWIS sample coverage in the west of Scotland and the
northern (Shetlands, Orkneys) and western islands (Inner and Outer
Hebrides), we conducted an additional surface water spot sampling
campaign (n=56) under low flow conditions to eliminate the effect of
high flow events with more depleted or enriched isotopes over spring
and early summer 2016. The complete data set of surface water samples
(n= 146) was used to construct isoscapes and to assess spatial patterns.
Only the 90 longer-term sites with monthly sampling from 2011 to
2013 were used for temporal pattern analysis. All samples were
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analysed either at the isotope laboratories of the James Hutton Institute
(JHI) in Aberdeen and at the Northern Rivers Institute at the University
of Aberdeen using a Los Gatos DLT-100 laser analyser with a precision
of 0.6‰ for δ2H and 0.1‰ for δ18O using an International Atomic
Energy Agency (IAEA) analytical protocol (Newman et al., 2009) to
correct for drift. Stable isotopes are reported in the delta-notation (‰ –
per mil) using Vienna Standard Mean Ocean Water (VSMOW) reference
standards for calibration.

2.2. Environmental characteristics of Scotland

We combined the isotope data with a compilation of a Scottish-wide
database of environmental variables to identify relationships and dri-
vers of spatiotemporal isotope patterns. Long-term mean annual pre-
cipitation (MAP, mm yr−1) from 1982−2010 visualized in Fig. 1B was
compiled by the Meteorological Office with a 5-km grid size (Met
Office, 2016). Mean annual actual evapotranspiration (AET, mm yr−1)
was derived from monthly MODIS (Moderate Resolution Imaging
Spectroradiometer) products for the period from 2000 to 2014 (Zhang
et al., 2009) and the final MODIS product was converted into mm yr−1.
We calculated annual hydro-climatic indices, such as the AET to MAP
ratio (water availability). The mean annual runoff (MAR, mmyr−1) was
calculated using a simple water balance difference (MAP-AET) as-
suming negligible storage variations and was used to calculate the
runoff coefficient (MAR/MAP) for analysis. Furthermore, we compiled
land use data from the last survey in 2007 (LCM07) using the following
land use classes in grid format: forest, urban, agriculture, and moor-
land. Soil data was derived from the UK HOST (Hydrology of Soil Type
classification) database (Boorman et al., 1995). Specifically, we used
the HOST derived catchment average Standard Percentage Runoff
(SPR) index in %, which is the percentage of rainfall that contributes to
the increase of overland flow. Geological information was provided by
the UK geological service (British Geological Society, 2016). The to-
pography in Fig. 1A was derived from the global 30m SRTM (Shuttle
Radar Topography Mission) elevation product. The resulting digital
elevation model for Scotland was used to derive parameters such as the
corresponding catchment area of the monitored sites, median elevation,
slope, and aspect.

2.3. Statistical models to explain isotope patterns

The complete spatial and temporal gridded dataset was analysed
using linear and GWR models and a simple spline interpolation to
construct the surface water isoscapes. The GWR models were used to
assess important drivers on the spatial distribution of surface water
isotopes. Simple linear regression was used to construct Local
Evaporation Lines (LELs) for surface water isotopes (δ2H and δ18O). The
LELs were compared to precipitation and groundwater isotopic com-
positions to assess seasonality and secondary evaporative fractionation
effects. The regression linearly relates δ2H=m·δ18O+ y, with m being
the slope and y the d-excess in ‰. The δ2H and d-excess data was not
transformed prior to analysis, which was supported by final residual
diagnostics. Isotopic similarity was assessed using k-means cluster
analysis. The significant number of clusters was identified at the 95%
significance level using bootstrap resampling.

All raster isoscapes were derived using a 100-m grid resolution.
These initial interpolations were performed in ArcGIS 10.3 (ESRI, USA)
based on a thin plate spline algorithm (Franke, 1982). Additionally, we
used GWR to construct regression models able to represent the spatial
heterogeneity of surface water isotopes based on spatially distributed
explanatory environmental variables from the complete gridded data-
base (Fotheringham et al., 2002) as simple static regression models did
show poor performance. GWR was chosen over other possible methods
(e.g. Generalized Additive Models) for assessment of spatial hetero-
geneity and the potential to find physically meaningful models for
surface water isotopes (Brunsdon et al., 1996). GWR is a simple local
regression model where:

∑= + +
=

y β β x εi i
k

m

ik ik i0
1 (1)

with y being the predicted (dependent) variable (in our case the stable
isotope of δ2H and d-excess at monitoring location i), βi0 the intercept
parameter at location i, m is the number of independent variables, βik
the local regression coefficient for the kth independent variable at lo-
cation i, xik the kth explanatory (independent) variable at location i and
the random error term εi. However, in GWR the coefficients βik (k= 0,
…,m) are allowed to vary spatially and a gridded spatial map for each

Fig. 1. Scottish map of A) the topographical gradient using the SRTM 30m digital elevation model (DEM), B) the 1982–2010 mean annual precipitation (MAP in
mm) with the complete surface water stable isotope monitoring (NWIS and low flow spot sampling) and C) the 1971–2000 mean annual temperature (MAT in °C).
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coefficient can be calculated. The spatial variability is achieved by
providing a local model for each variable through fitting a regression
equation to every feature falling within the bandwidth of each target
feature. The shape and extent of the bandwidth is dependent on the
number of neighbours selected using the corrected Akaike Information
Criterion (AICc) (Hurvich and Tsai, 1993) of an adaptive kernel. The
optimal bandwidth is found through minimizing the AICc (Eq. (4)),
which penalizes model fits using smaller bandwidths which represent
more complexity compared to larger bandwidths. Parameter estimates
and predicted values for GWR are computed using the locally fitted
exponential spatial weighting function wij with dij being the distance
between observation i and j and b the bandwidth. The weights will be at
a maximum of 1 for an observation at a GWR calibration point and
decrease according to an exponential curve with increasing distance
between observation and calibration point:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

ω
d
b

expij
ij

(2)

The best-performing and most parsimonious local models from all
possible model combinations were selected according to the adjusted
coefficient of determination R2 (adjR2) and the AICc:

⎜ ⎟= − ⎛
⎝

−
− −

⎞
⎠

−adjR n
n p

R1 1
1

(1 )2 2

(3)

= +
+

− −
AICc AIC p

p
n p

2
( 1)

1 (4)

where R2 is the coefficient of determination, n is the number of ob-
servations and p is the number of independent variables. Furthermore,
all regression models were checked for co-linearity using the Variance
Inflation Factor (VIF) with VIF > 7.5 leading to rejection of models.

=
−

VIF
R

1
1 2 (5)

3. Results

3.1. Isotope characteristics of different water sources in Scotland

Important differences in the isotopes were observed between water
sources (Tables 1 and S1). Generally, precipitation isotopes showed the
greatest temporal variability (typically from around −160 to close to
0‰ for δ2H) as indicated by the standard deviation of continuous re-
cords, followed by surface water isotopes (from around −80 to −40‰
for δ2H), and the smoothed groundwater isotopes (from around −70 to
−55‰ for δ2H). This order in variability was mainly related to
catchment specific mixing processes that modify and damp the isotopes
as they progress through the landscape. On the other hand, the number
of observations dominated the spatial variability. Mean surface water
isotopes across all sampling sites showed the largest range from −20‰
to−59‰ for δ2H,−4‰ to−9‰ for δ18O, and a d-excess from close to
4‰ to almost 18‰ (Fig. 2A) compared to spatially limited (east coast)
sampling of groundwater and precipitation isotopes. Spatially, surface
water in the west showed greater enrichment and samples were more
depleted in the east (Fig. 3A). Generally, the water balance for Scotland
consisted of a mean annual precipitation (MAP) of 1403mm, 475mm
of actual evapotranspiration (AET), and 929mm of annual runoff
(MAR). A relatively low spatial variability of AET (SD=71mm) is
associated with limited solar energy in Scotland compared to larger
spatial variabilities of MAP (SD=313mm) and MAR (SD=332)
(Tables 1 & S1). Such relatively low AET values across Scotland might
also imply limited capacity for fractionation affecting surface waters.

3.2. Seasonal differences in surface water isotopes

Seasonal LEL analysis of the NWIS isotope record indicates a

progressive fractionation effect from winter through to a maximum in
autumn (Fig. 2B). A significant change in slope of the regression lines
(from 6.9 in winter to 5.1 in autumn, significant at p < 0.05) com-
pared to the GMWL, reflects the impact of surface waters being derived
from sources exposed to greater evaporation rates from spring to late
summer (Fig. 2B).

3.3. Surface water isoscapes

We constructed mean surface water δ2H (δ18O shows identical
patterns and were not visualized here) and d-excess isoscapes using a
simple spline interpolation algorithm (Fig. 3A and B). The δ2H isoscape
showed a strong isotopic separation of more enriched surface waters
across the west domain (from north to south) (by around −9 to −20‰
for δ2H), while the eastern domain and the central highlands of Scot-
land are significantly more depleted (by around −30 to −50‰ for
δ2H). Exceptions were apparent in the north-eastern domain and fur-
ther inland to the south and westerly areas with more enriched surface
waters. Such an isotopic separation is most likely a product of the
variable influence of polar and sub-tropical maritime air masses, cou-
pled with the presence of substantial orographic barriers (Central
Highlands of Scotland with elevations> 1000m asl). The spatial iso-
tope patterns were further supported by cluster analysis (Fig. 4), which
resulted in three statistically significant clusters. The cluster 1 is spa-
tially and isotopically bracketed by the more depleted cluster 2 and the
most enriched cluster 3 representing the northern and western islands
and the west coast (Fig. 4B). These patterns support the source hu-
midity from westerlies and the North Sea as well as rain out of heavier
isotopes over the Central Highlands reflected in surface water isotopes.

The d-excess isoscape exhibited a more complex spatial pattern with
values above +10‰ (blue colour in Fig. 3B) mainly located in a small
band along the east coast, the Central Highlands breaking through to
the northern west coast and a smaller band located in the south west of
Scotland. The latter zones were likely influenced by an enhanced re-
cycling of continental moisture (sub-tropical continental and polar
continental air mass sources). Most of the west coast and islands
showed d-excess values below +10‰ indicating distinctive moisture
sources (sub-tropical north Atlantic westerlies) as well as an increasing
influence of evaporative fractionation of surface waters possibly due to
saturated peaty soils and standing waters (Fig. S1). There was also a

Table 1
Overall summary statistics of all isotope monitoring sites and variables in terms
of spatial variability (standard deviation – st. dev.). The 100m pixel long-term
water balance components in mm are also shown. The mean annual pre-
cipitation (MAP) was derived from Met Office records for the period
1982–2010, the mean annual actual evapotranspiration (AET) was taken from
MODIS (2000–2015) and the calculated discharge (Q) assumes negligible sto-
rage changes and was calculated using a simple water balance difference (MAP-
AET).

Variable n Mean δ2H
(‰)

St. dev. Mean
δ18O (‰)

St. dev. Mean d-
excess (‰)

St. dev.

Isotope
NWIS surface

water
90 −50.0 5.0 −7.67 0.68 11.4 1.29

Surface water 56 −40.1 9.7 −6.27 1.63 10.2 3.19
Total surface

water
146 −46.1 8.7 −7.10 1.33 10.9 2.29

Groundwater 29 −50.5 3.9 −7.69 0.55 11.1 2.09
Precipitation 5 −48.0 4.6 −6.97 0.76 9.7 4.2

Water balance Mean (mm) St. dev.

MAP 1403 313
AET 475 71
MAR 929 332
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band of d-excess below +10‰ across the northeast and south of
Scotland (Fig. 3B) likely related to increased groundwater influence and
environmental variables such as saturated soils and presence of lochs
that actively contribute fractionated surface water to streams.

3.4. Predictability of surface water isoscapes and important drivers

In an attempt to predict the surface water isoscapes and to identify
the most important environmental drivers, we constructed GWR models
of surface water δ2H (Fig. 5A, B) and d-excess (Fig. 6, Table 2). Fig. 5A
shows the predicted δ2H superimposed over the reclassified spline in-
terpolated isoscape from Fig. 3A for direct comparison. The local R2

model performance can be observed in Fig. 5B. Generally, the GWR
model was able to reproduce the previously observed isotopic separa-
tion of surface water δ2H with particularly low residuals on the west
coast, east coast, and the Central Highlands. The latter was also re-
flected in the best model performance values up to R2 values of 0.66
(Fig. 5B). The model performed less well over south-western Scotland
(R2 values< 0.3). The best-fit models are shown in Table 2 and were
selected based on the minimum AICc and maximum adjR2 values. The
selected best-fit GWR model of surface water δ2H used catchment area,

forest and SPR, and elevation as the most important explanatory vari-
ables. Interestingly, hydro-climatic variables were not selected as im-
portant by the GWR model procedure indicating an increased influence
of catchment characteristics on surface water isotopes.

The selected best-fit and most parsimonious 4 parameter GWR
model of d-excess used the AET/MAP index, catchment area, urban
cover, and elevation as the most important explanatory variables. Most
features could be reproduced with the GWR d-excess model, particu-
larly for the low d-excess values coupled to the most enriched samples
(Fig. S1) dominating the west coast of Scotland (Fig. 6A). The model
performance progressively decreased from the west towards the de-
pleted and greater d-excess values at the east coast. Generally, the d-
excess GWR model performance (adjR2= 0.36) was well below the δ2H
model (Fig. 6B).

4. Discussion

4.1. Climate influences on surface water stable isotopes in Scotland

Isoscapes have been used as a management tool to assess hydro-
logical processes such as evaporation (Gat et al., 1994), to estimate
transpiration (Jasechko et al., 2013), mixing of soil waters (Good et al.,
2015), and groundwater recharge processes (Sanchez-Murillo and
Birkel, 2016). However, increased sampling efforts are needed to gain a
more complete spatial picture of isotope patterns. The surface water
sampling sites represent, in almost all cases, the most downstream river
location and the isotope samples represent an averaging of runoff
generation processes across different catchment areas that, in total,
cover up to 85% of the whole territory of Scotland. To enhance the
spatial representation of the precipitation isotope records located on the
east coast and the central highlands of Scotland (Soulsby et al., 2014,
2015), data were compared to the annual and monthly global pre-
cipitation isoscapes by Bowen and Revenaugh (2003). A significant
mismatch (>−5‰ for δ2H on grid cells with observations) was ob-
served. The reason might be that the regression model used by Bowen
and Revenaugh (2003) for spatial interpolation was designed for ap-
plication at continental and global scale and over-emphasizes the ele-
vation and temperature isotope effect simply due to the lack of data.
Only one historic GNIP station hosted by the International Atomic and
Energy Agency (IAEA/WMO, 2016) could be identified in the south of
Scotland. Incomplete data highlights the need for more continuous and
spatially distributed precipitation sampling efforts to further develop
isoscapes of the hydrological cycle in Scotland similar to the British
Isotopes in Rainfall Project (BIRP) by Tyler et al. (2016). While our
isotope record is still limited, it can be considered representative of the
regional spatial scale of Scotland.

Generally, Scotland's climate is mainly dominated by westerly
frontal systems, but spatial and temporal patterns of isotope inputs are
potentially influenced by five contrasting air mass types: a) tropical
maritime from the sub-tropical north Atlantic Ocean (south-westerly
direction: warm moist air with orographic enhancement over the cen-
tral highlands), b) tropical continental from central and southern
Europe (south-easterly direction: dry air in summer), c) polar maritime
from Greenland and Arctic Sea (north-west or westerly direction: wet
cold air that brings rain showers in winter), d) Arctic maritime
(northerly direction: wet cold air that brings snow and rain in winter),
and e) polar continental from central/southern Europe and southern
Russia (north-east or south easterly direction: cold air that brings snow
in winter and dry air in summer) (Mayes and Wheeler, 2013;
McClatchey, 2014). The surface air pressure difference from Iceland
and the Azores (also known as the North Atlantic Oscillation index,
NAO) is a key indicator to determine the scale of weather systems ar-
riving to the west coast (positive mode - stronger than usual subtropical
high pressure center) and the north-eastern domain (negative mode -
deeper than normal Icelandic low) of Scotland. This phenomenon
brings enriched moisture from the sub-tropical North Atlantic Ocean

Fig. 2. A) The mean NWIS and low flow spot sampling stable isotope compo-
sition of all sites (n=146) and types of waters (mean annual SW, GW, and
amount-weighted P) are plotted against the Global Meteoric Water Line
(GMWL). B) The NWIS surface water isotope samples (n=90) were separated
according to season with constructed Local Evaporation Regression Lines (LELs)
showing progressive influence of secondary evaporative effects from a
minimum in winter through to the maximum in autumn as indicated by the
decreasing slope of the LELs. Precipitation and groundwater sampling did not
show any similar fractionation effects.
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(−85‰ to −115‰ for δ2H in the marine surface layer, Good et al.,
2015) in comparison to more depleted isotopes towards the North Sea
and the Arctic (−115‰ to−135‰ for δ2H in the marine surface layer,
Good et al., 2015). In addition, the existence of a north-south moun-
tainous range enhanced the orographic distillation of the westerly air
masses resulting in notable precipitation amounts in the western
Highlands (> 3000mm yr−1), whereas the leeward eastern domain
receives less, but more isotopically depleted precipitation
(600–800mm yr−1) (Figs. 1B and 4A). Polar continental easterlies,
during the winter months, might also bring depleted precipitation,
depending upon the travel distance and continental distillation of the
air masses arriving along to the east coast of Scotland. The impact of the
moisture source on surface waters can be readily derived from the
isoscape maps and cluster analysis (Fig. 4) in terms of spatial isotopic
patterns such as e.g., the clear isotopic differentiation between east and
west Scotland. In fact, Tyler et al. (2016) found from daily rainfall
isotope monitoring across the British Isles, a weak correlation between
δ18O and temperature (R=0.37), suggesting that the progressive
rainout effect from west to east (i.e., westerlies) in Scotland (Fig. 3A)
and from north to south over the whole region, and the contrasting
moisture source origin, are the key parameters when analyzing the
spatial variability of stable isotope composition in the British Isles. For
instance, in northern Britain, δ18O in precipitation is more sensitive to

the rainout effect, whereas in low elevation sites, isotopes are more
sensitive to changes in moisture origin and temperature. A recent
groundwater isoscape for Ireland by Regan et al. (2017) showed a si-
milar west-east gradient with decreasing isotope values mainly due to
similar moisture sources from the west and rain-out effects of heavier
isotopes.

4.2. Modelling of surface water stable isotopes and important drivers

The GWR δ2H model did not identify any hydro-climatic variables
based on the AICc and adjR2 model selection criteria whilst the catch-
ment characteristics such as land cover (forest), standard percentage
runoff from soils (SPR), catchment area, and elevation were the more
important explanatory variables that exert a control on surface water
isotopes. In contrast, Wassenaar et al. (2009) have found mean annual
precipitation to be significantly related to explain a δ2H groundwater
isoscape for Mexico whereby groundwaters are mostly recharged by
intense precipitation events that do not undergo fractionation
(Jasechko and Taylor, 2015).

Our relatively parsimonious 4 parameter model (Table 2) re-
produced most spatial patterns such as the isotopic orographic se-
paration, but failed to reproduce the observed surface water isotopes in
the south-western region (Fig. 5). Since δ2H and δ18O isoscapes are

Fig. 3. The map of Scotland includes: A) the Scottish mean δ2H (‰) surface water isoscape and B) the mean d-excess (‰) isoscape as a spline interpolated 100m grid
with corresponding complete surface water isotope monitoring (n= 146) for reference (black dots). (For interpretation of the references to colour in this figure, the
reader is referred to the web version of this article.)
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highly correlated (R=0.96), this resulted in the selection of the same
GWR model. Elevation as an explanatory variable does have a physical
meaning in terms of the well-known isotope elevation effect (Gat,
1996). The catchment area that drains towards the sampling site re-
presents a myriad of processes related to soil, vegetation, and ground-
water characteristics. The latter variables were also independently se-
lected to inform the final GWR δ2H model. Land cover provides some
physical interpretation of isotope patterns since urban cover is likely to
enhance evaporation and associated fractionation. Therefore, urban
cover can explain more enriched isotopic signatures, whereas increased
forest cover and low SPR values can be linked to more depleted sig-
natures due to a potentially increased infiltration and less superficial
soil evaporation (increased plant transpiration is usually not associated
with fractionation). However, the latter reasoning is based on the large
scale GWR models and might not hold at small catchment scales similar
to Geris et al. (2015). Such scale issues further emphasize the need for
detailed monitoring and data collection efforts.

This type of GWR model can also be used to assess how isotopes are
likely to respond to various drivers of change in the future. For ex-
ample, a 10% decrease in forest cover (all other variables being as-
sumed constant) resulted, on average, in a 1.2‰ decrease of predicted
surface water δ2H. Increased forest cover resulted in more depleted
values mainly due to higher infiltration. Less forest cover was linked to
more enriched simulations associated to larger scale superficial water
prone to evaporation. Similarly, a 10% change in the AET/MAP index,
according to a projected increased and/or decreased annual precipita-
tion, resulted in an on average 0.8‰ change in simulated d-excess. This
type of analysis will be pursued in more detail in the near future as the
GWR models can potentially be applied to a scenario analysis that takes
spatial variability of e.g. forest cover changes into account.

The selected best-fit and most parsimonious d-excess GWR model

was less successful (4 parameters, Table 2), but did, in comparison to
the GWR δ2H model, take hydro-climatic variables (AET/MAP index)
into account. This could be explained by the fact that stable isotope
composition in surface waters are ultimately altered due to secondary
evaporation processes affecting wetlands and lakes connected to the
stream network, whereas d-excess is more sensitive to the overall re-
gional climatic conditions at the moisture source.

Both the spline and GWR interpolations represent the major isotopic
separation from east to west and north to south. Both algorithms are
generally comparable, even though there are smaller scale differences
and both models performed better in simulating the west coast com-
pared to the more variable east coast. Also, both models failed to si-
mulate the isotopic pattern observed for the south-western region of
Scotland (Fig. 5 and 6), which could be related to different and varying
land use management and temperature (more pasture and a milder
climate). We, therefore, cannot exclude other potentially simpler and
more parsimonious models, that aim to compare the most widely ap-
plied interpolation technique (spline) to a spatially non-stationary
method (GWR). The failure of these regression models might be related
to the interpolation errors of both algorithms particularly at edges and
the fact that small scale land use changes affect the isotope signatures
(which can only be resolved with higher resolution sampling efforts).
Key contributing factors may include larger distances to observations,
co-linearity and the selection of regression coefficients (Wheeler and
Calder, 2007) and unaccounted atmospheric water vapour transport
and circulation patterns that mix the original isotopic source signal, and
small scale evaporative fractionation mainly related to the connection
of flow pathways (Noone and Simmonds, 2002; Birks and Edwards,
2009).

Fig. 4. A) The reclassified surface water δ2H (‰) isoscape from Fig. 3A is shown as a base map and compared to the isotope clusters (1-white, 2-grey and 3-black)
reflecting similar δ2H and δ18O signatures. B) The calculated isotope clusters are plotted against the Global Meteoric Water Line (GMWL) with cluster 3 reflecting the
most enriched group covering the northern and western Islands and the west coast of Scotland. The cluster 2 reflects the most depleted group with catchments
draining the Central Highlands and towards the east coast. The cluster 1 lies isotopically and spatially in between.
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5. Conclusions

We complemented the combined two-year University of Aberdeen
and NWIS data (n=90) with a low flow sampling campaign for isotope
analysis (n= 56) across the under-represented west and northern re-
gion of Scotland. Here we developed for the first time, national-scale
surface water isoscape maps and a comprehensive assessment of dri-
vers. Subsequently, we showed the spatial distribution of mainly sur-
face water isotopes and derived d-excess across Scotland in the form of
high spatial resolution (100m) isoscapes. The spline interpolated iso-
scapes were analysed using GWR models to assess spatial patterns,
important drivers on surface water isotopes and their relationship to

parental moisture sources. Additionally, the NWIS monitoring allowed
an evaluation of seasonal effects on surface water isotopes, which were
also compared in the context of fewer and spatially concentrated (east
coast) precipitation and groundwater isotope monitoring sites. The key
outcomes from this research include:

- Strong isotopic gradients from west to east.
- Precipitation isotope patterns can be inferred from surface water
isoscapes and synoptic weather patterns related to moisture origin.

- Despite energy limitation, we observed evaporative fractionation
effects in surface waters.

- Deuterium excess indicated an influence of mixed and contrasting

Fig. 5. A) The reclassified surface water δ2H (‰) interpolation from Fig. 3A is shown as a base map and compared to the best-fit GWR model (Table 2) using
explanatory variables to predict the mean δ2H (‰) values. The latter predicted values from this regression model are shown for the same classification and colour
codes of the dots facilitate direct comparison. B) The local coefficients of determination R2 are shown in B). The best-fit and most parsimonious model (as determined
by AICc model comparison from 1 to 11 explanatory variables) resulted in an adjR2=0.66 and used catchment area, forest cover, urban cover, SPR, and mean
catchment elevation as explanatory variables. All selected variables were significant at p < 0.01 and resulted in a VIF < 2.6. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Geographically weighted best-fit regression models to predict surface water deuterium and deuterium excess based on independent explanatory variables. The
coefficients are given as spatially mean values ± standard deviation and [range].

Dependent
variable

Intercept Area SPR Forest Elevation Residuals AICc adjR2

δ2H (‰) −48.1 ± 7.3
[−63.2, −30.5]

−0.003 ± 0.002
[−0.008, −0.0006]

0.06 ± 0.12 [−0.12,
−0.51]

−0.04 ± 0.28
[−0.93, 0.28]

−0.017 ± 0.009
[−0.04, −0.004]

0.49 ± 2.85
[−4.3, 5.7]

876 0.75

Dependent
variable

Intercept AET/MAP Area Urban Elevation Residuals AICc adjR2

d-Excess (‰) 10.67 ± 1.5 [5.04,
11.7]

0.24 ± 2.53 [0.01,
10.9]

0.0005 ± 0.0004
[0.00009, 0.0023]

−0.11 ± 0.19
[−0.82, −0.09]

0.0024 ± 0.0034
[−0.0064, 0.0096]

−0.1 ± 1.9
[−2.6, 3.9]

644 0.32
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oceanic moisture sources in combination with an important con-
tribution of more locally and continentally recycled moisture.

- GWR modelling is a useful tool to assess spatial patterns and identify
spatial drivers of surface water isotopes.

- Seasonal LELs of surface waters suggested a progressive evaporative
enrichment from spring to autumn.

- Isoscapes provide baseline data for hydrologic, ecologic, forensic,
paleoclimate, and archaeological studies.

In addition to static catchment characteristics, the GWR models
identified dynamic variables that are subject to change such as land
cover and hydro-climatic variables. We, therefore, conclude that these
models could be used in preliminarily assessments of past and future
isotopic changes that relate to changing moisture sources and catch-
ment characteristics.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gexplo.2018.07.011.
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