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Evaluating the impact of climate on snow- and ice-melt
dynamics in the Taillon basin, French Pyrénées

Davin M. Haxnvan, GLeEny R. McGRrEGOR
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ABSTRACT. This pilot study adopts a computer-assisted synoptic typing methodol-
ogy to evaluate the totality of climatic influences on snow- and ice-melt dynamics within
a small cirque basin in the French Pyrénées. The synoptic categories identified possess
contrasting large-scale atmospheric circulation patterns and surface energy budgets
which generate dilferential ablation responses. Continental air masses yield consistently
high melt. Advection of moist maritime air also produces elevated but more variable ab-
lation due to air-mass transitions. The two observed local valley circulation types show
melt to be higher under nocturnal katabatic drainage than for anabatic wind [lows asso-
ciated with development of daytime ridge-top cumulus.

INTRODUCTION

While numerous rescarchers have focused on the detail of

the glacier surface energy balance (Hay and Fitzharris,
1988a; Braithwaite and Olesen, 1990; Munro, 1990; Ishikawa
and others, 1992; McGregor and Gellatly, 1996) and some
have attempted to relate variation in the surface energy
budget to the variability of melt across snow and ice surfaces
(Munro and Young, 1982; Escher-Vetter, 1985; Arnold and
others, 1996), few have attempted to investigate the impact
of synoptic-scale weather patterns on snow and ice hydrol-
ogy. Such analyses are considered important, because air
masses have associated with them typical weather patierns
and hence accumulation and ablation regimes which influ-
ence glacier mass balance. Sinece the linkages between
glacier hydrology and climatic processes are currently
poorly understood, we suggest that a synoptic climatologi-
cal approach, which characterises similarities in general cir-
culation patterns and active meteorological elements within
a holistic framework, will facilitate an assessment of cli-
mate’s influence on snow- and ice-melt dynamics. This
approach will allow the impact of the totality of weather
on snow and ice ablation to be determined. The underlving
assumption of the synoptic climatological approach is that
distinct synoptic-scale patterns and their associated air
mass

s possess differential abilities to drive snow and ice ab-
lation. Therefore, certain synoptic-scale weather categories
will be associated with high ablation rates, whereas others
will be associated with reduced melt. In addition, as weath-
er events frequently have associated with them clear dinrnal
patterns. the temporal distribution of surface melt over the
daily cycle is likely to be determined by the prevailing
synoptic-scale conditions. This will have an influence on
the timing and volume of meltwater input to the glacier
drainage system and ultimately proglacial stream dis-
charge. While linking synoptic conditions to proglacial
stream-flow has potential applications for meltwater run-
of modelling, the main purpose of this paper is to present
the results of'a pilot application of a synoptic climatological
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approach, which identifies air masses (synoptic categories)
and their snow- and ice-melt relationships, to understanding
the impact of large-scale climate on glacier ablation dy-
namics in the Pyrénées.

STUDY AREA

The data on which this pilot study is based were collected
between 25 June and 26 August 1995 at Glacier du Taillon,
Cirque du Gavarnie, French Pyrénées. Glacier du Taillon is
situated 143.5 km from the Atlantic Ocean in a northeast-fa-
cing cirque (aspect of 357) at 43706’ N, 00°01' E. This rem-
nant glacier covers an arca ol 20ha and spans an
altitudinal range of approximately 500 m, with the snout at
2526m a.sl. and the cirque headwall at 3022 ma.s.l
(Gellatly and others, 1995). Glacier du Taillon was selected
because it satisfies most of the criteria outlined by Ostrem
and Brugman (1991 for glacier mass-balance investigations.
The glacier also lies in a region which is at the southern
margin of contemporary European valley glaciation where
glacial systems possess a great deal of climatic sensitivity
(McGregor and Gellatly, 1996). Recent historical Muctua-
tions of Glacier du'laillon have been discussed by Gellatly
and others (19953).

METHODS
Data collection

For this study, 6 h average data from the central station of a
diamond-shaped network of five automatic weather stations
(AWSs), set up as part of a wider project 1o investigate the
spatio-temporal  characteristics of the surface energy
balance and melt response, were used. This station was cho-
sen because spatial correlation analyses have shown this site
is most representative of the general spatial variability in
glacier ablation. Details on the meteorological variables
monitored, the instrumentation used and the nature and
[requency of data logging are given inTable 1. A feature of
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Table I. Field monttoring and instrumentation

Meteorological elements

Variable Instrumentalion Sensor height (m Units

Aunospheric Silicon capacitive 1.0 mbar
pressure Pressure sensor

Net radiation Net radiometer 1.0 Wm*

Minimum relative  Hygrometer 0.5 %
humidity

Maximum relative  Hygrometer 0.5 %
humidity

Mean air Thermistor 0.5 (]
t(,'llll)('[‘?lllll‘t‘

Mean wind speed ~ Three-cup anemometer 0.5 ms '

Glacier melt Uit Conversion
Instrumentalion

; T
Ablatometer m\ ms.w.e 15 min

Data logging and storage
Instrumentation

Campbell 21X Data Logger
Campbell sm716 Storage Module

Logging interval
105 scan
15 min averages

this study was the use of two ablatometers (Lewkowicz, 1985;
Munro, 1990) for monitoring snow and ice melt. These were
situated 10 m down-glacier from the AWS and 13 m apart,
between 2 July and 24 August. The ablatometer offers some
advantages over the traditional ablation measurement tech-
niques, reviewed by Miiller and Keeler (1969), as it has a
high degree of precision (within 0.5 mm h | equivalent to a
net energy exchange of <20Jem *h ') and unlike other
methods produces a continuous record. The ablatometer
was designed to minimise its influence on melt.

Analytical techniques

Air-mass types (synoptic categories) were identified using a
combination of VARIMAX (orthogonal) P-mode principal
components analysis (PCA) (Richman, 1986) followed by
cluster analysis (CA) (Brazel and others, 1992). The statis-
tical background to PCA has been discussed by Jolliffe
(1990), while its utility in synoptic climatology has been
outlined by Yarnal (1992). The input data consisted of 57 d
of 6h means for each of the six meteorological variables
(n) for each day (N), vielding a matrix of 1368 cases
(24 % 57},

RESULTS
Principal components and cluster analyses

Performance of P-mode rotated VARIMAX PCA and the
application of standard principal components retention cri-
teria and component loading interpretation techniques ( Jol-
liffe, 1993) resulted in six principal components (PCs) being
retained and physically interpreted. Their interpretations
are as follows: PC), morning sky and thermal conditions;
PC,, pressure; PCsy, overnight thermal-advection index;
PC,, overnight sky conditions and net radiation loss; PCs,
evening sky conditions and energy inputs; PCq, daylight
wind speed. The component scores (weighted summed
values whose magnitudes are dependent on the weather
observations for each day and the PC loadings) for the six
PCs were computed and clustered, resulting in the identifi-
cation of ten synoptic categories. For clustering, the average
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linkage technique was used, as this method minimises the
intra-cluster variance while maximising inter-cluster var-
iance (Kalkstein and others, 1987).

Emergent synoptic categories

Once identiflied, the ten synoptic categories were evaluated
hased on their diurnal meteorological patterns (Iig. 1), daily
meteorological summary statistics (Table 2) and analyzed
surface pressure charts (Fig. 2). In order to establish whether
the identified synoptic categories possessed  dillerential
energy available for melt and ablation characteristics, the
surface energy balance (Hay and Fitzharris, 1988a; Ishikawa
and others, 1992) and ablation rates (from the ablatometer
data, expressed in m snow w.e,) were calculated for the days
comprising each of the synoptic categories, Since discussion
of all ten synoptic categories is beyond the scope of this
paper, the four most frequent categories will be discussed,
thatis 1, 2, 3 and 6.

Synoptic category 1. Building maritime anticyclone tropical maritime
air mass

Very warm and dry conditions prevail overnight; however,
air temperatures fall and moisture builds from 1200 h. Clear
skies occur after 0900 h but net radiation is variable in the
afternoon, indicating broken cloud moving over the basin.
Wind speeds are generally calm throughout the day and
pressure decreases moderately after 1200 h. Precipitation fell
on eight of the 13 days in this synoptic category. These con-
ditions are associated with a trough of low pressure moving
away from the Pyrénées, while awell-developed high pushes
in over the Bay of Biscay from the Atlantic Ocean. This ad-
vects moist maritime air over the Pyrénées.

Synoplic category 2. Iberian heat low tropical continental air mass
{ local crrculation lype)

Low energy inputs with some cloud are apparent in the
morning, with building cloud soon after 1200 h. Air temper-
atures are invariant and relatively cool. Very moist atmo-
spheric conditions prevail due to low-level cloud. Calm
conditions persist with atmospheric pressure rising moder-
ately throughout the day. Rainfall occurred on 9 of the
21days. These conditions are associated with local valley
circulation produced when a heat low trough extends from
North Africa over the Iberian Peninsula.

Synoptic category 3. Double lowe continental air mass

Early morning cloud occurs prior to 0900 h, followed by
relatively clear conditions with building energy inputs to
around 1200 h. Transient cloud occurs in the afternoon, of-
ten associated with rain (six of the nine days). Air temper-
ature rises from moderately warm (8°C) to warm (14°C)
and remains moderately warm (8-10°C) throughout the
night. Wind speeds are low with almost calm conditions.
Relative humidity is steady around 65%. These conditions
are associated with a stable, moderately dry air mass, on the
eastern side of an arca of low pressure over the Bay of Biscay.
There is also low pressure over Irance and the Iberian
Peninsula, into which dry continental air is advected from
the north.

Synoplic category 6. Novthwest European and Iherian Feninsula high
( mixed local and large-scale curculation type )

Low overnight humidities associated with dry northerly air
and katabatic drainage are temporarily replaced by moist
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valley circulation during the day. A well-established high
pressure over northern France and western Europe stretches
into the Mediterranean. This returns dry continental air to
the area at night, allowing radiative cooling and re-estab-
lishment of katabatic drainage. Over the Iberian Peninsula,
a weak centre of high pressure exists, while over North Afri-
ca a heat low trough builds. Atmospheric pressure gradients
are very slack, facilitating the development of strong noctur-
nal katabatic drainage. This category eventually develops
into category 2,

DISCUSSION

The relationship between the synoptic categories and snow-

and ice-melt dynamics is analyzed in relation to both the
diurnal meteorological patterns and surface energy balance
(Fig. 1). The contributions of the energy-balance compo-
nents to melt are given in'lable 3. Fluxes are considered to
be positive when directed towards the surface (Ishikawa
and others, 1992),

Generally, net radiation appears to dominate the energy
budget, but especially for synoptic categories 2 and 3. The
magnitude of net radiation for category 3 is much greater
than that for category 2 (Table 3), as would be expected
given their meteorological characteristics. Noticeable inputs
from sensible heat under warm (category 1) and windy (ca-
tegory 6) conditions are evident, the latter being typically
related to nocturnal katabatic drainage. Latent heat is gen-
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Weather Type 3: 3 August 1995
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Fig. 1. Diurnal meteorological patterns and associated glacier melt responses ( energy-balance components: solid line = net rad-
tation; dashed line = sensible heat; solid circles = latent heat ). The x axis is in hours Greenwich Mean Time.
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Table 2. Daily mean summary statistics for weather types
oY . . e *

( WS = wind speed; RH = relative humidity; Q= nel rad-

iation; standard deviation in parentheses)

Weather — Air temp. s  Max RH  Min RH Q& Pressure
tipe

C ms ' Yo Y MJm ?  mbar

1 99 23 729 65.7 11.10 749.15

(2.9) 0.9 (19.2) 20.3) 0.04) 31

2 6.9 21 81.2 738 7.36 716.8
2.3) 1.12 (15.9) (17.3 2.62) 1.9)

3 89 20 776 7Ll 8.02 470
(2.2) 0.8) (13.7) (151 (3.81) 20

1 5.0 20 84.7 79.8 6.00 3.0
(2.1) 1.0 (12.6) 110 1.53) 29)

5 6.6 1.5 732 66.3 6.55 7316
(37 0.8) (20.9) 21.9) (1.72) 34)

6 12.9 34 1.6 335 10.92 7519
1.7) 14 (20.2) 19.2 3.80) L.8)

i 8.5 1.5 67.8 556 13.95 7515
(21) 0.5 (25.8) (31.1) (N/A) 0.9

8 9.8 1.9 10.5 279 10.49 7457
(L5 0.6) (23.3) (199 (N/A) 0.9

9 7.0 29 739 68.5 518 7487

i Ka) (1.9 (19.2) 20,0 (N/A) 1.0

10 4.1 26 85.1 80.5 17| 749.0
(LL) (2.6 (19.2) 221 (2.32 (1.6)

Weather Type 1

(14 August 1995)

Weather Type 3
(3 August 1995)

erally unimportant in terms of the energy available for melt,
with the exception of category 6 when the warm windy
night-time conditions produced large evaporative losses. In
terms of energy availability, categories | and 3 appear to
provide the requisite meteorological conditions for elevated
melt rates. The mean ablation rates by category are shown
in Figure 3, illustrating a range of ablation responses to the
different meteorological conditions associated with the var-
ious synoptic categories. One-way analysis ol variance
revealed category 2 melt rates to be significantly lower
(0.05 level) than those for categories 1 and 6. This is due to
the lower energy available for melt due to the cool, overcast,
calm conditions that exist when valley eirculation predomi-
nates under Iherian heat low conditions.

Although no significant difference between melt rates
was found for categories 1, 3 and 6, the synoptic patterns
(Fig. 2) producing high melt rates are quite different, as is
the partitioning of the energy balance (Table 3). In terms
of the intra-category melt-rate variability, category 3 pos-
sesses the lowest, perhaps suggesting that continental air
masses consistently produce high melt rates. This contrasts
with categories 1 and 6, which display considerable variation
due largely to air-mass transitions associated with changing
synoptic-scale conditions, A further factor that may well ex-
plain intra-category variability in melt rates is glacier sur-
face albedo, which decreases over the melt season as the

Weather Type2
(9 August 1995)

Weather Type 6
(24 July 1995)

Fig. 2. Analyzed surface-pressure charts.
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Fig. 5. Weather type mean ablation rates.

Table 3. Contribution of energy-balance components lo snow
and icemelt (M7m “d '; percentage contribution in parenth-
eses) (QF = net radiation; @Qy = sensible heat; Q. =
latent heal; @, = total energy available for melt )

Weather type Day Q* (@ @ i

| 201 9.501 8792 0.755 19.048
49.8) 46.2) 4.0

2 217 7.760 3637 0.003 11400
68.1) (319 0.02

3 215 11.932 6316 0.857 17.391
65.0) 35,00

6 199 10.812 9.804 5.061 15.555
52.5) 17.5)

clean snow melts to expose debris-laden ice. Synoptic
categories for which net radiation dominates the energy
available for melt and remains high throughout the day,
such as category 3, should be more effective in producing
high melt rates later in the season due to increased energy
absorption (e.g, on 2 July surlace albedo was 054 with a
corresponding ablation rate of 000015 ms.w.e.13min '
while on 4 August albedo was 0.25, resulting in a mean melt
rate of 0.00041 m s.w.e. 15 min ). Although the sample size is
small, the melt rates associated with categories 8,9 and 10

are comparatively low. These are most likely a product of

large-scale weather patterns quite different from categorices
1,3 and 6.
CONCLUSIONS

Despite the imitations relating to the interpretation of the
current analysis, especially the limited sample size for de-

velopment of the synoptic categorisation and the lack of

consideration of the accumulation season, we have identi-
fied groups of synoptic categories that possess differential
abilities in terms of snow and ice ablation. At the qualitative
level, three broad groups appear o exist which describe a
trend from high (categories 1, 3,6 and 7) to medium (categ-
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ories 2,4 and 5) to low (categories 8,9 and 10) melt rates. Of
interest are the contrasting melt rates for the two local val-
ley circulation types, which produce higher melt rates under
strong nocturnal katabatic drainage (category 6) compared
to the lower melt rates associated with well-developed ana-
batic flows and the development of daytime ridge-top cumu-
lus (category 2). These contrasts are related to subtle
synoptic-scale contrasts in pressure distribution, especially
in the region of the Iberian Peninsula.

Since this pilot study’s results and the work of others
(Yarnal, 1984a, b: Hay and Fitzharris, 1988b; Bazel and
others, 1992: Aizen and Aizen, 1993) demonstrate that
large-scale synoptic patterns influence local glacier climate,
establishing the nature of the links hetween the two scales
should be a priority, if glacier response to predicted climate
change is to be assessed. Such a synoptic climatological
approach is considered valid, because shifts in the regional
synoptic climatology will produce changes in surface hydro-
climatological processes. These will manifest themselves in
the form of changes in the scasonal melt rates and thus the
spatial distribution of snow and ice resources, which may be
significant in climatically sensitive regions such as the Pyré-
nées. Further work is planned to investigate this research
issue, We invite comments on the proposed approach,
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