WATER RESOURCES RESEARCH, VOL. 45, W05421, doi:10.1029/2008 WR007496, 2009

Click
Here
for
Full
Article

Regionalization of transit time estimates in montane
catchments by integrating landscape controls

M. Hrachowitz,' C. Soulsby,1 D. Tetzlaff,' J. J. C. Dawson,' and I. A. Malcolm?
Received 1 October 2008; revised 28 January 2009; accepted 13 March 2009; published 23 May 2009.

[1] Mean transit time (MTT) is being increasingly used as a metric of hydrological
function in intercatchment comparisons. Estimating MTT usually involves relating the
temporally varying input concentration of a conservative tracer to the signal in the stream
using various transfer functions as transit time distributions (TTDs). Most studies have
been confined to data collection periods of 1-2 years at single sites, often limiting

the transferability of the findings as such short periods usually only capture a narrow range
of climatic variability within a spatially restricted area. In this study, we use longer-term
(up to 17 years) weekly input-output relationships of CI™ to estimate MTTs using a
range of TTD models in 20 headwater catchments (ranging from <I to 35 km?) in seven
geomorphologically and climatically distinct parts of the Scottish Highlands. The

MTTs obtained from a Gamma distribution model were the best identified and ranged
from about 50 to 1700 days for individual catchments. The MTTs, in conjunction with
GIS analysis of landscape characteristics and climatic indices, allowed the development of
a robust multiple-regression model to establish the relative importance of different
landscape and climate controls on MTTs. The best model combines the prediction
variables percent responsive soil cover, drainage density, precipitation intensity, and
topographic wetness index and yields Ridj = (.88. Cross validation shows small absolute
error, suggesting that the model can be used to estimate MTTs in ungauged headwater
catchments throughout the Scottish Highlands and potentially in similar regions where

comparable information is available.
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1. Introduction

[2] Recent research has highlighted two important
priorities for catchment hydrology: (1) identification of
behavioral metrics that facilitate process-based approaches
to intercatchment comparison [McDonnell et al., 2007] and
(2) the development of tools to upscale understanding
from small experimental catchments to the mesoscale
(10'~10* km?) where management decisions are made
[Tetzlaff et al., 2008]. Progress in both of these research
areas, which essentially involve understanding the relation-
ships between catchment form and hydrological function,
will also help fulfill a wider need to provide predictive tools
that can be used in ungauged watersheds, where many
issues in applied hydrology occur [Wagener et al., 2007].

[3] Natural conservative tracers are invaluable tools for
understanding hydrological processes at larger scales. As
tracer variations represent the integrated effect of catchment
processes at multiple scales, they can be used to determine
the age and identify the geographical sources of streamflow
[Soulsby et al., 2003, 2008]. Consequently, they can be used
as a basis for determining metrics which can be applied in
intercatchment comparisons and upscaling studies [e.g.,
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Shaman et al., 2004; Soulsby et al., 2006a]. In recent years,
mean transit time (MTT), i.e., the average time a water
molecule takes to travel through a catchment system, has
increasingly been applied as a behavioral metric that can be
used to characterize and compare different hydrological
systems in an integrated manner [McGuire and McDonnell,
2006]. For estimating MTT, inverse modeling using lumped
parameter convolution models is usually applied [McGuire
and McDonnell, 2006]. This relates the degree of attenua-
tion and time lag of the stream water levels of conservative
tracers, such as Cl™ [e.g., Kirchner et al., 2000; Hrachowitz
et al., 2009] or stable isotopes (*H or '*0) [Stewart and
McDonnell, 1991; Soulsby et al., 2000; Uhlenbrook et al.,
2002], to their changing input levels compared with different
assumed transit time distributions (TTDs) for the catchment.

[4] Theoretical studies have provided insight into the
physical processes that explain why tracer variations corre-
spond to certain TTDs in certain situations [Maloszewski et
al., 1983, Kirchner et al., 2001; Cardenas, 2007]. Addi-
tionally, numerous empirical studies have applied such
models to catchment data, and tried to identify landscape
controls on MTTs and associated TTDs. If landscape con-
trols on MTT can be established, these can be used in the
prediction of MTTs of ungauged basins and their sensitivity
to environmental change [Soulsby and Tetzlaff, 2008]. For
example, McGuire et al. [2005], working in the steep
Western Cascades of Oregon, emphasized the usefulness
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of topographic indices for prediction, showing that the ratio
of median flow path length to median flow path gradient has
strong positive correlations with MTT. McGlynn et al.
[2003] in steep montane catchments in New Zealand and
Laudon et al. [2007] in more subdued catchments in
northern Sweden also noted that topographic indices related
to MTT, but found median subcatchment area appeared to
be the strongest control. Others have found that catchment
characteristics that reflect the permeability of the subsurface
and connectivity of hydrological sources are the strongest
controls on MTTs. For example, in glaciated landscapes in
Scotland, the hydrological characteristics of catchment soils
are closely related to MTT [Rodgers et al., 2005a, 2005b;
Soulsby et al., 2006b; Tetzlaff et al., 2009a]; elsewhere the
deeper subsurface appears to be more important and catch-
ment geology is the key determinant of MTT [Vitvar and
Balderer, 1997; Viville et al., 2006]. In addition to catch-
ment characteristics, several studies have emphasized how
climate, particularly precipitation amounts in certain years,
can cause significant interannual and intersite variability in
MTT [Tetzlaff et al.,2007a; McGuire et al., 2007; Hrachowitz
et al., 2009]. The influence of catchment size on MTT is not
entirely clear yet; smaller catchments exhibit more marked
heterogeneity, which averages at larger scales [Shaman et al.,
2004; Soulsby et al., 2006a; Laudon et al., 2007], but few
studies have looked at larger catchments (>10% km?) to see
how MTTs change as more lowland landscape features may
become influential.

[5] To date, most empirical investigations of MTTs have
focused on small catchments of broadly similar structure
within the same geomorphologic and climatic region. Inter-
catchment comparisons on a larger supraregional scale,
spanning several geomorphic and climatic provinces, play
a key role in enhancing understanding of the processes
driving hydrological systems and how, and why, the land-
scape controls on metrics such as MTT change [ Tetzlaff et al.,
2009b]. Such regionalization has the potential to provide
insights as to how landscape controls integrate in different
geographical regions and may provide a basis for developing
predictive models which can be applied to ungauged basins.
An essential prerequisite for such regionalization is high-
quality and long-term tracer data at a supraregional scale
from which to derive MTT estimates. Funding constraints
and limited accessibility frequently prevent long-term
monitoring in montane areas, and most empirical studies
to date are typically restricted to 1—2 years of data.

[6] In this study we examine longer-term tracer data sets
(2—17 years) for 20 watersheds in seven climatically and
geomorphologically different regions of Scotland. In addi-
tion to topographic and climatic differences, the catchments
also have contrasting soil cover, geology and land use. The
objectives were (1) to constrain MTT estimates using
longer-term data in these contrasting catchments, (2) to
identify the most important landscape controls on these
constrained MTT estimates, and (3) to use these to develop
a simple tool to regionalize MTT predictions on the basis of
catchment characteristics that could be applied to ungauged
basins.

2. Study Sites

[7] The 20 study catchments range from 0.3—35 km? in
area (Figure 1). Geographically, they include steeper,
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montane catchments in the maritime northwest (Strontian),
southwest (Loch Dee), the Central Highlands (Balquhidder),
and the subarctic Cairngorms (Allt a’Mharcaidh). Other
catchments were of lower altitude, though still montane in
nature including those in south Central Highlands (Loch
Ard), northern Scotland (Halladale) and in the Cheviot Hills
in the southeast (Sourhope) (Tables la and 1b). Frontal
systems from the Atlantic, mainly moving from the south-
west, result in annual precipitation of more than 2000 mm
along the west coast, compared to around 1000 mm in the
rain shadow to the east [Bain et al., 1998; Harriman et al.,
2001]. The mean annual temperature, which mainly reflects
elevation and to a smaller extent latitude, ranges from 4.7°C
for the highest to 8.8°C for the lowest catchment. The
geology of most of the sites is characterized by low-
permeability igneous and metamorphic rocks which domi-
nate the Scottish Highlands [Robins, 1990]. At the west
coast sites (Strontian) the bedrock is composed of schist and
gneiss [Monteith and Evans, 2005], granite dominates in the
Green Burn and Dargall Lane at Loch Dee, while in the
White Laggan metamorphic rocks dominate in the lower
catchment [Harriman et al., 1987; Williams, 1991; Nisbet et
al., 1995]. Granite also dominates the Allt a’Mharcaidh
[Soulsby et al., 2000] and Halladale sites [Bain et al., 2001],
while the Balquhidder [Johnson, 1991] and Loch Ard
[Harriman and Morrison, 1982; Wilson et al., 1984] sites
are mainly underlain by metamorphic rocks. At Sourhope
fractured volcanic rocks are dominant [Bain et al., 1998]. At
most sites superficial drifts cover much of the solid geology.
Where the drift is fine textured, peats and peaty gley soils
are dominant, particularly in valley bottoms and gentle
slopes at sites like Loch Ard, Strontian and Halladale. As
these soils remain close to saturation throughout the year
and generate overland flow as a dominant runoff mecha-
nism [7etzlaff et al., 2007b] we labeled them as ““responsive
soils” in the subsequent analysis. Where slopes are steeper
or drifts are more permeable, coverage of more freely
draining soils such as humus-iron podzols and subalpine
podzols predominate, resulting in deeper subsurface flow
paths and greater groundwater recharge at sites like the Allt
a’Mharcaidh and Balquhidder [Soulsby et al., 1998, 1999;
Hrachowitz et al., 2009]. Most catchments at Loch Ard,
Balquhidder, Loch Dee, Strontian and Halladale are, at
least at lower elevations, partly forested, while the Allt
a’Mharcaidh and Sourhope are mainly characterized by
moorland.

3. Data and Methods
3.1.

[8] At each site daily streamflow and precipitation
amounts were available for the entire observation periods
(>4 years in Table la and <4 years in Table 1b, ranging
from 2 to 17 years). Precipitation gauges were generally
located within 1 km of the catchment main outlets, where
stream gauges were operated by the Scottish Environment
Protection Agency. Precipitation was generally sampled on
a weekly (Loch Ard, Halladale, Allt a’Mharcaidh and
Sourhope) or fortnightly basis (Strontian, Balquhidder,
Loch Dee) using open funnel bulk deposition samplers.
Stream water dip samples were taken at the same dates as
the precipitation samples at the individual catchment outlets

Hydrological and Hydrochemical Data
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Figure 1. Location and elevation of the 20 study catchments in seven regions of Scotland.

30of 18



HRACHOWITZ ET AL.: REGIONALIZATION OF TRANSIT TIME ESTIMATES W05421

Wo05421

J10s dAIsuOdsaY,
‘Jios Sururerp Ajoa1q,

‘(JN) puepIoour 1o () 3S910J SB PAIJISSE]I SI JOA0D pue,
‘[6002] 77 12 znmoyov.py woiy are eyep adoyinog,

- 110 vE0 870 - ¥0°0 - 200 - S1°0 - - Head
- - - - $S°0 70 0S°0 86°0 00T LLO 00T 6L°0 pSARI3 Areag
00°1 8T°0 0 SE0 - - - - - - - - sslozpod Ayeaq
- - - - - v1°0 80°0 - - L0°0 - 120 ,STios ourdeqng
- - 110 L0°0 - - - - - - - - pSIovuey
- 19°0 €€0 0€°0 SH0 090 wWo - - - - - ,S10zpod uorr-snumgy
- - - - - - - - - 100 - - LSTIOS [EIAN[Y
adAy [1og
L8'S 6L'S S6'S 98°¢ SIS 4% 66t L8'S 196 91°¢ 6T'S 6T'S ((w)ur) xapur ssaujom oryderdodo],
L0€ $'sT 8¢l $9T L'L 11 L1 See 16 '€l 191 6°€l (ey) vOIR JUSUIYDIEOQNS UBIPIIN
(3291 0t8 €56 LT6 18 0L 8% 6L8 1L 19§ 619 29 (W) DJ/1
v1°0 €0 870 620 0€°0 €€°0 8€°0 ST1°0 81°0 €€0 970 1€°0 (;_tr wr) judrpers yred Moy URIpSA
81T 992 L9T 0LT €LT 0€T 81 vel 8T1 €81 91 S61 (w) |3ud] Ped mop ueIpIN
00% 009 009 00S 00§ 00€ 00€ 002 002 00€ 002 00€ (;u) eare odoysdn ueIpajy
60T 88°1 1T v LOT 88°¢ '€ L8T 8T ey s8¢ 08¢ (;uny uny) Aysuop oFeurer(
0TI 0LT 0°ST 091 081 061 0Ce 06 0TI 081 vl 0°LT (8op) odors uesy
0°ce 0T 09¢ 0cs 0'9S 0'$9 0°'8S 0'6¢ 01y 0'6S 0yt 0¥S (8op) odofs wnuwrxey
(1154 I8 9L YOL 99¢ SPS 709 €81 991 887 (143 6€€ (ur) TONEAd[d UL
80S (4881 7201 111 59 678 LSL (474 0Tt 1L6 208 SSL (W) UOHBAS[O WINWIXEA
L6T 6€S 6vS 433 1y 8¥T SLE 66 86 ¥S1 6b1 81 () UOnEAS[S WNWIUIA
v6'C SS'L STL 6T €1 L9T LTI 96'¢ vS'L 88'f 846 96§ 0TI (uny) 1oL
b0 LOE €0 19°6 1€°0 089 780 Wl L8°0 Y0y 6¢1 L6'L (;ury) eary
soo1pur oydeiodo],
89'9 6€°S L9'9 ¥$'9 99'9 99'9 99'9 08°'s 08°'S 6101 60'¢ 9T°¢ (;_s w) poads purm [enuue ued
0S'L 99y s 8¢S SL'S 88°S 8¢S 0L'8 08'8 1cL LI'L 81°L (D Bop) amerodws) [enuue Uy
ST9 06S €9 879 6701 6701 6201 €T6 €T6 LTI 09°01 0L°01 (;,_p wrun) Ayisuoyur urer uesjy[
9.8 0011 0011 0011 0TLT 0TLT 0TLT 002T 007T 0022 069T 069T (ww) uonendroaid [enuue ues
SA2IpUI drjeI)
N W W WA W W W/ a1 d W W W/ 19400 pueT
€00T uef T 007 doS 77 $007 doS 7T €00T 92 1€ S661 94 T 000T BN [ 000T T8N I 00T ABIN ST 200T ABN ST 200T AN ST €00T Inf [T €00T Inf T[ puyg
ve6Iunf 1 8661 d9S 7 8661 0 TC 0661 Uef T 9861 Uef TT L861 PO 91 +861 AON #1 8861 UB[ L  886T Uef / 8861 Uef L 9861 ABIN 6 9861 KeIN 6 Hels
pouad uonearssqQ
Y07 098 LN 920 €68 HN 920 v68 HN ¢€¥0 788 HN 8€T 0TS NN 07T €5 NN LT ¥TS NN 886 0LF SN 886 69% SN €40 88€ NN 7S9 v78 NN 889 €6 AN 20UAIRJAI PLID
wng € S T Mg I ans dop uoppry  uopIry fonuo) 11 wng 01 wng 7 umg wng uo)
ANUBMOY uenuons ueu 310D
Ldoymog UpIedIeyA e )V 1opprynbeg pIv Yoo uenuons

SIBOA < S)OS eIe(] 10} sonsuoerey)) d15ojopad pue ‘oyderSodoy ‘onewr)) juouwryoje)) Jo Arewwung e[ dqel,

4 of 18



W05421 HRACHOWITZ ET AL.: REGIONALIZATION OF TRANSIT TIME ESTIMATES W05421
Table 1b. Summary of Catchment Climatic, Topographic, and Pedologic Characteristics for Data Sets <4 years
Loch Dee Halladale
Dargall Green White Allt Allt Cnoc Bhealach Upper Lower
Lane Burn Laggan a’Bhealaich nan Gall Burn Halladale Halladale

Grid reference
Observation period

NX 451 787 NX 481 791 NX 468 781 NC 892 433 NC 902 430 NC 905 416

NC 924 395 NC 894 443

Start 4 May 1998 4 May 1998 4 May 1998 2 Mar 1993 2 Mar 1993 2 Mar 1993 2 Mar 1993 2 Mar 1993
End 9 Jan 2001 9 Jan 2001 9 Jan 2001 10 May 1994 10 Sep 1994 10 Sep 1994 10 Sep 1994 10 Sep 1994
Land cover® F/M F/M F/M M M M M F/M
Climatic indices
Mean annual precipitation (mm) 3400 3400 3400 1300 1300 1300 1300 1300
Mean rain intensity (mm d ") 10.10 10.33 10.33 5.72 5.51 5.51 5.95 5.72
Mean annual temperature (deg C) 5.93 6.54 6.06 6.81 6.73 6.51 5.79 6.49
Mean annual wind speed (m s~ ") 7.46 6.72 6.72 4.80 4.93 4.93 6.60 4.80
Topographic indices
Area (km?) 1.97 2.59 5.76 3.68 6.77 2.35 8.40 34.97
Perimeter (km) 7.02 7.25 10.94 9.25 13.56 7.10 14.07 36.19
Minimum elevation (m) 265 230 229 128 145 158 221 118
Maximum elevation (m) 684 550 668 338 300 366 433 433
Mean elevation (m) 466 372 446 198 211 245 356 247
Maximum slope (deg) 48.0 32.0 56.0 32.0 17.0 31.0 32.0 34.0
Mean slope (deg) 18.0 11.0 15.0 5.0 3.0 8.0 4.0 4.0
Drainage density (km km™2) 291 3.26 2.62 2.96 2.96 3.26 2.93 3.21
Median upslope area (m?) 400 400 300 400 500 400 300 400
Median flowpath length (m) 233 261 210 232 268 214 239 242
Median flowpath gradient (m m~") 0.36 0.21 0.28 0.08 0.05 —0.13 0.06 0.06
L/FG (m) 654 1266 760 2941 4883 1619 3740 3930
Median subcatchment area (ha) 114 10.5 22.5 24.6 12.9 10.7 18.7 14.8
Topographic wetness index (In(m)) 5.30 5.96 5.50 7.50 8.24 6.54 7.60 7.80
Soil type
Alluvial soils® - - - - - - - -
Humus-iron podzols® - - - -
Rankers® 0.82 - 0.14 - - - - -
Subalpine soils® - - - - - - - -
Peaty podzols® 0.18 0.08 0.15 0.24 - 0.08 - 0.04
Peaty gleys® - 0.78 0.70 0.76 0.30 0.77 0.25 0.48
Peat® - 0.14 0.01 - 0.70 0.14 0.75 0.48

“Land cover is classified as forest (F) or moorland (M).
“Freely draining soil.
“Responsive soil.

(Figure 1). All water samples were filtered through a 0.45 ym
polycarbonate membrane filter. CI™ concentrations were
determined by ion chromatography (Dionex DX100/
DX120).

3.2. Transit Time Estimation

[9] The mean transit time (MTT) of a water molecule is
the average time elapsed between the moments of entry to
and exit from a catchment [Etcheverry and Perrochet,
2000]. It is widely used as a descriptor of catchment
functioning and can be conceptualized as the time integrated
response of a catchment assuming no zones of immobile
water are present [Rodhe et al., 1996]. MTT was estimated
using weekly and fortnightly samples of Cl~ concentration
in precipitation and stream water convoluted over time as
suggested by Matoszewski and Zuber [1982]:

Cou(t) = / g(T)ew(t — 1)dT (1)
0

where 7 is the transit time, ¢ is the time of exit from
the system and (¢ — 7) represents the time of entry into the
system. Thus, the CI™ output concentration c,,(f) in the

stream water at any time ¢ equals the combined CI™ input
concentrations from any time (¢ — 7) in the past, weighted
by the transfer function g(7), which represents the assumed
time-invariant, lumped transit time distribution (TTD) of
tracers in the catchment.

[10] Although developed for quasi—steady state ground-
water systems, this time invariant approach has proved
useful in many surface water studies [Kirchner et al.,
2001; McGuire et al., 2005]. This is especially true for
wet regions like the Scottish Highlands, where the soils remain
close to saturation throughout the year and precipitation is
distributed rather evenly [Tetzlaff et al., 2007a].

[11] As the streamflow tracer signal depends on the actual
tracer mass flux, this mass weighted input, rather than the
input concentration alone, can be used to estimate the
stream water C1~ concentration [cf. Stewart and McDonnell,
1991; Weiler et al., 2003]:

/ g(r)w(t = 7)cin(t — 7)dT
0

couz‘(t) -

]Og(T)w(t —T1)dT
0
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Table 2. Descriptions of Applied Transit Time Distributions

Model TTD g(7)

MTT Parameter Description

T ' exp (1)

Exponential =

. y 1—
Two parallel linear % exp (—%) + T—\¢ exp (—%)

reservoirs

Gamma et T
FT(a) P (—3)

¢7—/' + (1 - ¢)TS

Tm -

T¢ is mean transit time of fast reservoir;
T, 1S mean transit time of slow reservoir;

¢ = volume of fast reservoir/total volume
aff « is shape parameter; 3 = scale parameter

where w(t — 7) is the mass weighting factor. Depending on
the antecedent conditions, varying proportions of precipita-
tion inputs become hydrologically effective and contribute
to catchment turnover: storage in the unsaturated zone and
subsequent evapotranspiration increase Cl~ concentrations
in the system. Thus, effective precipitation p.; as an
estimate of the mass flux of water actually contributing to
runoff generation was used as weighting factor w(z — 7). A
nonlinear loss function based on the antecedent wetness
index s(f) is used to determine p.; [Jakeman and
Hornberger, 1993; Weiler et al., 2003]:

pey (1) = p(1)s(1) (3)

where p(f) is the measured precipitation at any time ¢ and
s(¢#) is the antecedent precipitation index at any time ¢,
calculated by exponentially weighting precipitation back-
ward according to b:

(1) = bip(e) + (1 - b3 )s(t — ) 4)

Parameter b; closes the water balance, i.e., Xp.;= 20, and
is therefore not a free but merely a normalizing parameter.
The initial antecedent precipitation index s(¢+ = 0) and
parameter b, are obtained by calibration.

[12] As shown by others [e.g., Neal et al., 1988], stream
water Cl™ flux usually exceeds the precipitation Cl™ flux,
indicating the importance of dry and occult CI™ deposition.
These inputs vary depending on vegetation, topography and
climatic conditions and may be temporally decoupled from
the measured wet inputs, though this is of minor concern in
wetter parts of Scotland. Therefore, lumped adjustment
factors were applied to maintain the Cl~ balance. Such
lumped adjustment factors should be treated cautiously in
regions with a more marked seasonal change of climate as
they might cause serious errors in C1™ inputs and associated
uncertainty in MTT estimates. The factors applied ranged
from about 1.0 to 2.2, which are similar to adjustment
factors reported by others: 1.55 for a moorland catchment
[Dunn and Bacon, 2008], 1.9-2.8 for forested catchments
[Tetzlaff et al., 2007a; Shaw et al., 2008]. High adjustment
factors were needed where catchments had some forest
cover which enhanced deposition or where the gauge was
in the lower catchment and there was a marked deposition
gradient.

[13] Transit time distributions (TTD) act as transfer
functions in the convolution integral and they conceptualize
the internal catchment functioning in different ways. The
details of the three TTDs used in this study are summarized
in Table 2. The exponential model (EM) is a basic and
widely used [e.g., Maloszewski et al., 1983; Stewart and

McDonnell, 1991; McGuire et al., 2002] one-parameter
model, conceptualizing the catchment as well mixed linear
reservoir. The two parallel linear reservoir (TPLR) model,
as applied by Weiler et al. [2003] and on the basis of three
parameters, allows separating the system into a fast and a
slow component according to the partition parameter ®. As
shown by Kirchner et al. [2000] using spectral analysis, the
Gamma distribution model (GM) with a shape parameter
a = 0.5 is the mathematically ideal representation of
stream signals exhibiting 1/f noise. The long tail of the
gamma distribution enables this model to reproduce the
long internal memory of many catchments.

[14] It is problematic to compare MTTs estimated with
data sets of varying length or resolution because of the
fact that they capture different levels of climatic variabil-
ity, as shown by Hrachowitz et al. [2009]. They not only
demonstrated that the variability in MTT estimates
increases with decreasing length of observation periods
but that MTT estimates themselves tend to increase with
decreasing length of observation periods. Therefore all
MTTs estimated in this study were adjusted to the level
of the longest data set using the power law suggested by
Hrachowitz et al. [2009].

3.3. Uncertainty Estimation

[15] In catchments with long MTTs, the tracer signal in
the stream is extremely attenuated, which frequently results
in poor model fits and, despite the low number of param-
eters in the TTDs, equifinality in the determination of the
best parameter set [cf. Dunn et al., 2008]. The generalized
likelihood uncertainty estimation (GLUE) framework de-
veloped by Beven and Binley [1992] was therefore used to
estimate the uncertainty introduced by limited model iden-
tifiability. On the basis of the idea of a set of “equally
good” parameters, this concept yields upper and lower
bounds for the modeled stream water C1™ time series [Freer
et al., 1996]. In this study, parameters were sampled from a
predefined uniform distribution with 2500 Monte Carlo
realizations. Considering the contrasting nature of the study
catchments, the chosen likelihood measure was a combina-
tion of Nash-Sutcliffe efficiency NSE [Nash and Sutcliffe,
1970] and normalized 1 — RMSE [cf. Weiler et al., 2003],
where a value of 1 would indicate a perfect fit. Therefore
models were retained as ““behavioral” only if they showed
both: RMSE <2.5 mg L' and E > 0.15. As GLUE assumes
the absence of a single best model structure, MTTs used in
the analysis are median rather than best fit values of the
retained subsets.

3.4. Topographic Analysis

[16] For all catchments 10 x 10 m digital terrain models
(DTMs) were available from which various catchment
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Figure 2. Median annual flow duration curves for one
selected catchment in each region based on the individual
observation periods.

characteristics were extracted. The stream network was
derived from the DTM with a D8 flow direction algorithm
[Jensen and Domingue, 1988] on the basis of the channel
threshold method. In correspondence with the mapped
stream networks (Ordnance Survey, 1:50 000) and the
upslope area over local slope ratio suggested by Tarboton
et al. [1991] a stream initiation threshold of 5 ha upslope
area was defined as threshold for all sites, which is in the
range of what has been reported by Montgomery and
Dietrich [1988] and was shown to be for other Scottish
sites in previous studies [7etzlaff et al., 2009b]. The DTM
and the derived stream networks were then used as a basis
for calculating catchment attributes including area (A),
perimeter (PE), mean slope (S), median upslope area
(UA), computed as the median of contributing areas to all
cells of the DTM, drainage density (DD), median flow path
length (L), computed as the median of all flow path lengths
from the respective source to the stream, median flow path
gradient (FG), the median topographic wetness index (TWI)
[Beven and Kirkby, 1979], the ratios PE/A and L/FG as well
as the median subcatchment area (A,,s.). In contrast to UA,
A 1s calculated as the median of the upstream contribu-
tion areas for each cell flagged as a stream cell [McGlynn et
al., 2003; Laudon et al., 2007]. Tt is a metric for catchment
structure, having higher values for linear and lower values
for more dendritic stream networks [7Zetzlaff et al., 2009b].

3.5. Multiple-Regression Analysis

[17] To identify the relative significance of various cli-
matic, pedological and topographic catchment character-
istics for MTTs, a stepwise backward multiple linear
regression analysis (MLR) with py, = 0.10 was carried
out. The climatic descriptors included mean annual precip-
itation, mean precipitation intensity (calculated as the ratio
of precipitation amount over the number of days with
precipitation), mean annual temperature and mean annual
wind speed, with the latter two used as proxies for evapo-
transpiration. The pedological descriptors used were percent
peat soil cover, percent responsive soil cover (i.e., generat-
ing overland flow) and percent freely draining soil cover.
The class “responsive soils” combined peat, peaty gleys
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and rankers, while “freely draining soils” included podzolic
and alluvial soils.

[18] The results of the MLR models were evaluated by
cross validation to test robustness and to estimate the
prediction error expected when applying the model to
estimate MTT in similar catchments not used in the initial
model definition. The method used is the ‘“‘leave-one-out
cross validation” (LOOCYV) [e.g. Stone, 1974; Efron and
Gong, 1983], which is a special case of the k-fold cross
validation, with £ = n and n is the number of data points
[Shao, 1993]. One catchment at a time is removed and the
best fit MLR model is computed from the remaining catch-
ments. The model is then used to predict the MTT at the
removed catchment and to determine the absolute error
between predicted and “known” MTT. This is repeated in
turn for all catchments and the mean absolute error is
calculated. As most of the seven regions contain a different
number of catchments, leaving one catchment out at a time
might give biased results. To avoid this bias, a second cross-
validation analysis was done, leaving one entire region out
at a time. To avoid the adverse influence of highly corre-
lated descriptor variables, the best MLR models were
examined for multicollinearity using the variance inflation
factor (VIF), the determinant of the correlation matrix, the
condition number (CN) and the proportion of variance
[Belsey, 1991; Mueller and Pierce, 2003].

4. Results
4.1.

[19] The mean annual precipitation totals during the
observation periods (Tables 1a and 1b) are in the range of
long-term mean annual precipitation reported in earlier
studies [Harriman et al., 2001], with the exception of the
Loch Dee region, which experienced an unusually wet
period. The median annual flow duration curves for one
catchment in each region are shown in Figure 2. Streams
such as Coire nan Con (Strontian, northwest Scotland) and
burn 11 (Loch Ard, central Scotland) show a very flashy
response to precipitation events (with Qs exceeding 276 and
224 1 s7' km?) and low base flows (Qos around 3.1 and
1.4 15" km™2). At the other extreme, sites such as the Allt
a’Mharcaidh (Cairngorms) and Rowan Tree Burn (South
East Scotland) are less flashy with a Qs of about 59 and
78 1 s~' km 2, respectively, and a stronger base flow
component (Qgs around 9.4 and 15.2 1 s~' km ?). This
suggests that deeper subsurface flow pathways dominate the
latter rather than near-surface, well-connected flow path-
ways in the former catchments. The other catchments are
intermediate or more complex in response. Balquhidder
(Central Highlands) and Loch Dee (southwest Scotland)
have marked storm responses, but the former has a much
stronger base flow component. High flows at Halladale are
modest (presumably reflecting the lower precipitation), but
the base flow is component is much weaker.

Catchment Hydrology

4.2. Chloride Concentrations and Transit Time
Estimation

[20] As Cl in precipitation is generally marine derived,
the clear and fairly consistent seasonal variation for all
regions is explained by stormy weather conditions in the
north Atlantic which increase the amount of sea salt being
sprayed into the atmosphere [Neal and Kirchner, 2000].

7 of 18



Wo05421

a) Strontian
60 0
50 4 | I 50
o
E 40 L 100
[~
L2
© 30 F 150
: J
[ .
s
20 | *
3 . : 4 1 ,
5] IR 7 i
10 1 AT, *'lgn
0 e — st T T e Lol '..-'..'
1986 1988 1990 1992 1904 1996 1998 2000 2002 2004

c) Balquhidder
60

0
50 ! r 60
40 1 - 100

30 - 150

20 |

CI' concentration [mg 1]

10

1986 1988 1990 1992 1994 1996 1988 2000 2002 2004

Date

HRACHOWITZ ET AL.: REGIONALIZATION OF TRANSIT TIME ESTIMATES

W05421
b) Loch Ard
60 o <
-
¢
50 - L50 g
E
40 - 100 §
1 i)
30 : - 150 §
a
20
10
0 S ol S I;'.:-*";'I{a‘!( i e TR T g

1986 1988 1990 1992 1994 1996 1998 2000 2002 2004
d) Allt a'Mharcaidh
60

0

i
g
50 -850 ¢
E
40 100 §
2
=
30 150 3

20

10 4

oot e o ghhders
1998 2000 2002 2004

0 o i T s d Y TR a

1986 1988 1990 1992 1994 1996

Date

Figure 3. Time series of precipitation and CI™ input and output concentrations at (a) Coire nan Con
(Strontian), (b) burn 11 (Loch Ard), (c) Kirkton (Balquhidder), and (d) site 1 (Allt a’Mharcaidh). Inverted
triangles are observed Cl~ concentrations in precipitation, circles are observed ClI™ concentrations in the
stream water, and the gray shaded area shows the modeled Cl™ stream concentration as GLUE
uncertainty bounds for the behavioral models using the Gamma distribution model.

This is shown for selected sites in Figure 3 that also
indicates that the level of C1™ concentration in precipitation
is strongly dependent on the distance of the region to the
coast, with the west coast sites in the Strontian region
showing the highest Cl™ input concentration levels while
the Allt a’Mharcaidh region in central Scotland receives
lowest.

[21] Compared to CI™ precipitation concentrations, the
observed Cl™ concentrations in stream water are much less
variable (Figure 3), indicating that the fluxes from the
catchment comprise a mix of waters of different “age”
[cf. Feng et al., 2004]. The varying levels of damping in the
individual catchments are generally consistent with the
conceptualizations inferred from the flow duration curves
(Figure 2) and those reported by other studies [e.g., Neal
and Rosier, 1990; Soulsby et al., 2006a]: little damping at
the site in the Strontian region with a suspected predomi-
nance of overland and preferential flow pathways, becoming
slightly more attenuated at sites at Loch Ard and then
increasingly attenuated at Balquhidder, and almost complete
loss of the seasonal signal at the Allt a’Mharcaidh site,
indicating the dominance of well-mixed water routed through
slower pathways [Soulsby et al., 1998].

[22] As anticipated, the use of the TPLR and GM as
transfer functions consistently produces better fits of modeled

stream water C1~ concentration than the EM, which tends to
predict low MTTs (Figure 3 and Tables 3a and 3b). The
TPLR model produces the highest Nash-Sutcliffe efficien-
cies for burn 2 (Loch Ard) (NSE = 0.82) and the lowest
efficiencies (NSE = 0.20) for site 2 at the Allt a’Mharcaidh.
The GM yields equally good or marginally lower efficien-
cies throughout, with efficiencies falling as tracer damping
(and MTT) increases (Tables 3a and 3b and Figure 3). Thus,
the median MTTs for the GM range between 47 days at
burn 2 (Loch Ard) and over 1000 days at sites like the Allt
a’Mharcaidh. The median fast and slow transit times, 7¢/7,
computed with the TPLR for the same catchments, are 22/
300 and 43/1021 days, respectively. Although the TPLR
allows a slightly better representation of the stream water
Cl™ concentrations, limited identifiability of the best fit
parameter sets becomes a concern. Figure 4 shows dotty
plots (2500 Monte Carlo realizations) of the MTT obtained
from the GM (i.e., MTT = a(3) and the TPLR models (i.c.,
MTT = &7, + (1 — P)7g) plotted against efficiency for the
same catchments shown in Figure 3. The range of best
parameter sets is better constrained for the GM than for the
TPLR model, where similar efficiencies can be obtained using
parameters within a wider range. Furthermore, Figure 4
reflects the decreasing parameter identifiability with increas-
ing MTT noted by Dunn et al. [2008]. The Cl~ concen-
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Figure 4. Dotty plots of MTT against Nash-Sutcliffe efficiency NSE (circles) and RMSE (triangles,
2500 Monte Carlo realizations) for one catchment in (top to bottom) the Strontian, Loch Ard,
Balquhidder, and Allt a’Mharcaidh regions. (left) Gamma distribution model (MTT = «3) and (right) two
parallel linear reservoir model (MTT = &7 + (1 — P)7g).

trations in such catchments become attenuated to the point
where fluctuations are extremely limited. Therefore, MTT
can only be identified to be within a wide range: around
1200—1700 days at site 1 (Allt a’Mharcaidh). At other sites,
the resulting MTTs fell between these extremes: at Strontian

and the other Loch Ard catchments the GM predicted MTTs
of 2—3 months. The Halladale and Loch Dee estimates were
3—6 months, while at Balquhidder MTTs were in the order
of 1 year. As previously shown, the Sourhope site was even
more extreme than the Allt a’Mharcaidh in terms of tracer
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damping [Hrachowitz et al., 2009]. Despite identifiability
problems, the TPLR models are useful in terms of concep-
tualizing the MTTs of more rapidly responding flow paths.
All the catchments have a fast component with a characteristic
MTT of a few days/weeks, with this component accounting
for between 1 and 67% of the flow routing. Note that in
spite of very low NSE at Allt a’Mharcaidh and Sourhope,
these models have not been rejected as “nonbehavioral”
because of the very low RMSE compared to all other
catchments (Tables 3a and 3b and Figure 4).

4.3. Topographic Analysis

[23] The topographic indices derived from DTMs high-
light the contrasting nature of the study catchments (Tables 1a
and 1b). The lowest drainage densities are found in catch-
ments in the Allt a’Mharcaidh (1.88—2.41 km ") where the
percentages of responsive soils are also low. Drainage
densities increase in catchments with a higher percentage
of responsive soil cover as rapid routing via overland and
preferential flow pathways enhances connectivity between
the catchment hillslopes and stream channel network
(Strontian: 3.80—3.85 km ™', Loch Ard: 2.82-4.33 km ™).
Values found for median flow path lengths range from
128 to 270 m. Only the lowest median flow paths lengths,
found in the Loch Ard (128—-183 m) and Strontian (162—
195 m) regions, are consistent with the high proportions of
responsive soils in these catchments, while the higher flow
path lengths at the other study sites do not seem to be
related to responsive soils. The median upslope areas tend
to decrease with increasing percentage of responsive soil
cover and drainage density with a range from 200 (Loch
Ard) to 600 m* (Allt a’Mharcaidh). Values for median slope
range from 0.06 (Halladale) to 0.39 m m~' (Balquhidder).
The fact that higher median slopes are found in catchments
with a lower percentage of responsive soils cover is con-
sistent with the distribution of responsive peat and gley soils
on flat hilltops or valley bottoms, while freely draining soils
are more likely to be found on steeper hillslopes. The
median topographic wetness index reaches minimum values
in the Balquhidder region (4.99-5.32 In(m?)) and maximum
values in the Halladale region (6.54—8.24 In(m?)), reflecting
their steep, upland-type and subdued, wetland-type charac-
teristics respectively. The ratio of catchment perimeter to
area roughly distinguishes between elongated and rather
circular catchment shapes, ranging from 1.6 km™' at the
Kirkton catchment (Balquhidder) to 5.6 km~' at the burn
11 catchment (Loch Ard). The flow path length over
gradient ratio has its minimum in the Balquhidder region
(481-702 m) and reaches maximum values in the Halladale
region (1619-4883 m), while the median subcatchment
area ranges from 7.7 ha (Kirkton Top catchment) to
49.1 ha (burn 10), reflecting the degree of branching in
the individual catchments.

4.4. Landscape Controls on MTT: A Regression
Analysis

[24] Because of better identifiability, only the results from
the GM were used in the subsequent MLR analysis. The
topographic, pedologic and climatic indices were correlated
with the data set length adjusted median MTTs from the
subset classified as behavioral in the GLUE analysis.
Because of the MTTs spanning 3 orders of magnitude,
log(MTT) was used in the analysis. Table 4 and Figure 5
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summarize the results of the univariate analysis. The
landscape characteristic exhibiting the strongest correlation
with log(MTT) was the percentage responsive soil cover.
Coverage of responsive soils was negatively correlated with
log(MTT) (R* = 0.80, p < 0.001), while freely draining soils
were positively correlated (R = 0.80, p < 0.001). This
reflects rapid routing through surface and preferential flow
pathways in responsive soils and the matrix and deep
subsurface flow controlled freely draining soils as previously
suggested by Soulsby et al. [2006a, 2006b] and Laudon et
al. [2007].

[25] Drainage density (R* = 0.59, p < 0.001) and upslope
area (R* = 0.25, p = 0.02) are the only topographic indices
which are significantly correlated with log(MTT). Both
have been identified as possible controls on MTT in
Scottish uplands in earlier studies by Soulsby et al.
[2006a] and Tetzlaff et al. [2009a], respectively. However,
topographic indices which have been identified as controls
on MTT in other regions, such as the median subcatchment
area [McGlynn et al., 2003; Laudon et al., 2007] and the
flow path length over flow path gradient ratio [McGuire et
al., 2005], did not show significant relationships with
log(MTT) using the entire data set. Interestingly, the corre-
lations between log(MTT) and indices of landscape organi-
zation become more robust when the data from the regions
with the shortest data sets (Halladale, Loch Dee) are
removed from the analysis, making the initial L/FG ratio
(R* = 0.01, p = 0.70) significant (R* = 0.34, p = 0.03; not
shown). Although several studies have hypothesized that
MTT may be positively correlated with catchment area
[DeWalle et al., 1997; Soulsby et al., 2000], the results of
this study (R*> = 0.13, p = 0.11) and other more recent
studies suggest the absence of such a scaling relationship
[McGlynn et al., 2003; Rodgers et al., 2005a; Laudon et al.,
2007; Tetzlaff et al., 2009b].

[26] The climatic indices showed varying correlations
with log(MTT). Mean annual precipitation totals exhibit a
negative correlation with log(MTT) (R = 0.25, p = 0.02) as
high precipitation amounts are likely to raise water tables in
soils and accelerate tracer flux rates. The mean precipitation
intensity is not significantly correlated with log(MTT) (R* =
0.14, p = 0.09), which is rather counterintuitive, as high
precipitation intensities might be expected to trigger infil-
tration and saturation excess overland flow, particularly in
catchments with responsive soils. As also observed for the
topographic indices, correlating precipitation and precipita-
tion intensity with log(MTT) leaving out the two shortest
data sets shows that there are highly significant negative
relationships: for precipitation R* = 0.61, p < 0.001 and for
precipitation intensity R* = 0.76, p < 0.001. This might once
more highlight the uncertain nature of MTT estimates from
short data sets. No significant relationships between
log(MTT) and mean annual temperatures (R* = 0.09, p =
0.18) or wind speeds (R* = 0.03, p = 0.42) as proxies for
evapotranspiration were found. It was hypothesized that
evapotranspiration is positively correlated with log(MTT)
for reasons contrary to precipitation amounts, but it seems
as if the evapotranspiration gradients in Scotland are not
sufficiently high to have a major impact.

[27] As noted by others [e.g., Kirchner et al., 1996;
Laudon et al., 2007; Tetzlaff et al., 2009b], the complex
structure of cocorrelations between variables frequently
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Figure 5. Plots of various selected pedologic, topographic, and climatic indices from all catchments
against the data set length adjusted median MTTs including their GLUE bounds computed from the
Gamma distribution model (A, median subcatchment area; L/FG, flow path length over flow path

gradient).
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Table 5. Stepwise Multiple Linear Regression Results Including the Best Fit MLR Models and Collinearity Diagnostics®

MLR Model

VIF  CN

Det

Predictor Variable 2 Predictor Variable 3 Predictor Variable 4

Predictor Variable 1

p value

2
Rigi

R2

HRACHOWITZ ET AL.: REGIONALIZATION OF TRANSIT TIME ESTIMATES

1.28 x (responsive soil cover) + 3.21

log(MTT)

2.09

1.65

0.60

0.78  <0.001  responsive soil cover
0.85  <0.001

0.80
0.87

log(MTT) = —0.97 X (responsive soil cover) — 1.49 x

log(drainage density)

responsive soil cover

log(drainage density) + 3.67.
log(MTT) = —0.98 X (responsive soil cover) — 1.41 x

1.65 258

<0.001  responsive soil cover  log(drainage density)  precipitation intensity 0.43

0.87

0.89

log(drainage density) — 0.01 x (precipitation intensity) + 3.69

log(MTT)

0.72 x (responsive soil cover) — 1.04 x

227 530

0.07

<0.001  responsive soil cover log(drainage density)  precipitation intensity TWI

0.88

091

log(drainage density) — 0.09 x (precipitation intensity)

~70.22 x (TWI) + 5.37

?Shown are the determinant (Det), the variance inflation factor (VIF), and the condition number (CN).
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the hypothesis that short data sets produce poorly con-
strained MTT estimates because of the limited climatic
variability during short observation periods.

[33] The GM and the TPLR models proved to be superior
to the EM in this study. While this is mathematically not
surprising, as the former two have more degrees of freedom
using two and three parameters, respectively, compared to
only one in the EM, they also allow a more realistic
conceptualization of flow generating processes. Kirchner
et al. [2001] demonstrated that the effectiveness of GM
model can be theoretically related to the likely physical flow
mechanisms producing advection-dispersion at the catch-
ment scale, which are particularly effective at capturing the
long-term memory of catchments, which causes the charac-
teristic 1/f scaling in tracer outputs. The TPLR model, as
applied by Weiler et al. [2003], on the other hand is a
conceptually very appealing alternative. The separation of
the flow system in two or more flow generating reservoirs is
a simplistic concept widely used in rainfall-runoff models,
though sometimes criticized [Turner and Barnes, 1998].
The TPLR may therefore be useful in certain cases to
determine the MTTs of simplified flow processes at the
catchment scale. This might potentially allow the applica-
tion of predicted MTTs as a criterion for model parameter-
ization and evaluation in rainfall-runoff models [e.g., Vaché
and McDonnell, 2006]. However, given the poor identifi-
ability of the TPLR model at higher MTT, it may be that
such applications will be limited to catchments with short
transit times.

[34] The modeling approaches used here may also have
potential use in predicting MTT in ungauged basins in
montane areas. Most catchments are ungauged particularly
in the hydrologically sensitive headwaters of basins, and it
is the integrated response of these that is responsible for
generating flows, sustaining water supplies during dry
periods and downstream aquatic ecosystems [Soulsby and
Tetzlaff, 2008]. Montane headwaters in many areas are
currently subject to marked environmental change as a
result of land use change, developments or climatic change
[Viviroli and Weingartner, 2003]. Often hydrological infor-
mation on such catchments is severely limited, not least
because monitoring networks in remote montane areas are
poorly developed [Lovett et al., 2007]. The simple tool for
modeling MTT on a regional scale, using readily available
topographic, pedologic and climatic data has considerable
potential in identifying sensitive catchments. For example,
catchments with short MTTs are likely to respond more
rapidly to certain types of input, while longer MTTs may
have delayed but equally significant response. The rela-
tively low cross-validation errors suggest that the model
is reasonably robust and can potentially be used to
predict MTT in catchments all over Scotland and possibly
in similar regions elsewhere. However, independent test-
ing of the model’s predictive capabilities is necessary to
gain insight on its performance and the actual prediction
errors to be expected. Given the fuzzy nature of MTTs
and their relatively wide uncertainty bounds, there can be
considerable uncertainty with MTT estimates that are
obtained from both, lumped convolution integral and
MLR methods. Therefore, the results should be seen as
an order of magnitude estimates rather than actual values.
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Table 6. Residuals and Cross-Validation Results for the Best MLR Models®

Mean Absolute
Residual® (d)

Median Absolute
Cross-Validation Error® (d)

Median Absolute
Percentage Cross-Validation
Error (%)

Number of Predictor Leaving One

Leaving One Leaving One Leaving One

Variables All Stations Station Out Region Out Station Out Region Out
1 61 (9/88) 66 (10/95) 75 (27/111) 37 41
2 48 (20/90) 64 (25/108) 67 (27/125) 35 39
3 47 (20/89) 60 (27/117) 63 (31/155) 35 38
4 26 (7/71) 32 (9/83) 50 (29/131) 26 36

?One, two, three, and four predictor variables are shown as median absolute and median absolute percentage errors for leaving one catchment out in turn

and leaving one region out in turn.
The 25th and 75th percentiles are shown in parentheses.

[35] The dominant controls of MTT identified in this
study tie in well with the T> concept suggested by Buttle
[2006], which identifies three first-order controls, typology,
topography and topology, on streamflow in any given basin.
While percent responsive soil cover is an indicative of
typology, drainage density can be associated with topology
and TWI with topography. This might support the assump-
tion that the suggested T> approach is a valid tool for
catchment conceptualization: the Scottish catchments in this
study are predominantly controlled by typology and topol-
ogy, with only secondary influence of topography.

[36] A further need, however, is to assess the degree to
which these results from small (<35 km?) headwater catch-
ments can be upscaled. This is important as many catchment
processes are often only observed and understood at the
hillslope or small experimental catchment scale (<10 km?).
In contrast, catchment management decisions are taken at
larger scales (>10° km?). A key question therefore is
whether the integrated downstream response of a stream is
the sum of the responses in the headwater catchments or if
the processes which control the MTT change as catchment
size increases, and if so, whether thresholds where new
landscape control emerge can be identified. Shaman et al.
[2004] and Soulsby et al. [2006b] have shown that the
response of larger catchments is the combination of head-
water catchment responses while Uchida et al. [2005]
additionally showed how the hydrology of a small catchment
integrates and attenuates hillslope responses. However, these
studies have only upscaled as far as ~200 km? and testing
this modeling approach on larger (i.e., 10° km?) Scottish
catchments is a further research priority.

6. Conclusions

[37] In this study MTTs for 20 catchments in seven
contrasting regions of Scotland were obtained from long-
term tracer data sets (up to 17 years). It was shown that
pedologic, topographic and climatic catchment character-
istics can act as proxies to predict MTT over several
geomorphic and climatic regions in the Scottish uplands
and potentially in similar regions. This may be of signifi-
cance in the light of prediction in ungauged basins, espe-
cially as the presented model may facilitate MTT estimation
in areas without tracer information and preliminary concep-
tualization of catchment processes.
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