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[1] Physically based models of glacier melt require fields of near‐surface air temperature
(Tg) and vapor pressure (eg) for estimating turbulent heat exchanges. However, katabatic
boundary layer (KBL) processes limit the effectiveness of standard interpolation or
extrapolation routines for estimating Tg and eg from regional weather station networks.
Climate data collected from nine automatic weather stations operated over three
ablation seasons at three glaciers in the southern Coast Mountains of British Columbia
are analyzed in this study. On‐glacier observations were compared to ambient values
(Ta and ea) estimated from a regional network of off‐glacier weather stations. Piecewise
regressions of Tg versus Ta at each AWS site reveal (1) a critical threshold temperature
(T*) that denotes the onset of katabatic boundary layer (KBL) development and (2) a
temperature damping that is consistent at each site, but variable between sites. Variations
in near‐surface vapor pressure are related to processes of condensation or evaporation/
sublimation at the glacier surface, which are controlled by the vapor pressure gradient
between the surface and the ambient air. Statistical relations with flow path lengths
calculated from glacier digital elevation models are used to predict the strength of KBL
effects on Tg and eg, and examples of the approach for generating distributed fields of
Tg and eg are given.
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1. Introduction

[2] Distributed melt models have been employed in
both glaciology and snow hydrology at a variety of
scales, from individual glaciers [Hock, 2003] to mountain
ranges [Machguth et al., 2006], and from large snowmelt‐
dominated basins [Barnett et al., 2005] to the Greenland
Ice Sheet [Box et al., 2004]. Distributed melt models
range in complexity from the degree‐day approach to
physically based energy balance (EB) models, which
specify all incoming and outgoing energy fluxes.
[3] Physically based glacier melt models perform well at

sites where local, on‐glacier automatic weather stations
(AWS) are available to provide input data [e.g., Hock, 1999;
Klok and Oerlemans, 2002; Pellicciotti et al., 2005] for
turbulent flux parameterizations. However, at sites where
such data are not available, generation of input data by
extrapolation or downscaling can introduce substantial
uncertainty [Anslow et al., 2008]. Numerous studies have
examined procedures for generating meteorological fields
for driving distributed snow melt models [Susong et al.,
1999; Garen and Marks, 2005]. However, these

approaches do not account for processes occurring within
the katabatic boundary layer (KBL), and thus may not be
suitable for modeling glacier melt.
[4] At midlatitude glaciers in the ablation season, ambient

air temperatures (Ta) are typically greater than snow or ice
surface temperatures (Ts), which cannot exceed 0°C. Air
adjacent to the surface is cooled, and the resulting density
gradient produces katabatic flows, which give rise to the
KBL. The KBL is a distinct boundary layer characterized
primarily by a sharp thermocline and consistently strongwind
speeds within 5–20 m of the glacier surface [Munro and
Davies, 1978; van den Broeke, 1997; Oerlemans et al.,
1999]. Previous studies of nocturnal katabatic flows over
land have demonstrated that as nighttime radiative cooling
progresses, katabatic acceleration dominates the downslope
momentum budget [Manins and Sawford, 1979; Horst and
Doran, 1986; Papadopoulos and Helmis, 1999]. However,
Horst and Doran [1986] found no evidence of nocturnal
drainage flowswhen the temperature inversion between 5 and
15 m above the surface was less than 4°C, suggesting that the
onset of katabatic flows is a threshold event.
[5] Katabatic winds reinforce sensible heat exchange and

cooling of the near‐surface layers, and numerous studies
have demonstrated that temperatures within the KBL are
lower than those at the same elevation outside the KBL
[Braithwaite, 1977; Greuell and Böhm, 1998; Strasser et al.,
2004] or suggested that standard atmospheric lapse rates
(6.0 K km−1) are unsuitable to estimate Tg [Munro, 2004;
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Klok et al., 2005]. Greuell and Smeets [2001] used flow
distance and sensible heat exchange to estimate Tg from
potential temperatures, and empirical corrections to estimate
Tg from ambient air temperature were suggested by
Braithwaite et al. [2002], yet the portability of either
approach has not been tested at other glaciers.
[6] Variations in vapor pressure within the KBL (eg) have

received little attention in previous observational and mod-
eling studies. Results from Pasterze Glacier (PASTEX)
indicate a decrease in mean eg with altitude [Greuell et al.,
1997], while Strasser et al. [2004] found no pattern. Dis-
tributed EB melt models have either (1) assumed linear
variations in relative humidity or vapor pressure with height
[Arnold et al., 1996; Klok and Oerlemans, 2002] or (2) have
held relative humidity constant over the entire glacier surface
[Hock and Noetzli, 1997; Hock and Holmgren, 2005] and
calculated vapor pressure using prescribed temperature lapse
rates. However, turbulent energy exchanges through evapo-
ration or condensation at the snow/ice surface should result
in changes to near‐surface vapor pressures.
[7] In horizontal flows, the depth of an adjusted boundary

layer (where measured meteorological variables are repre-
sentative of the surface over which the air is flowing)
increases with the fetch distance, but the rate of growth is
dependent on atmospheric stability and surface roughness
[Oke, 1987]. Large‐scale eddy simulations have been used
to model nocturnal katabatic flows [Skyllingstad, 2003];
however, these models are not currently feasible for
regional‐scale modeling of glacier melt. Few studies, to our
knowledge, have contributed to the development of simple
transfer functions or empirical models that relate meteoro-
logical quantities observed within katabatic boundary layers
to simple measures of flow distance and forcing strength,
particularly for regional applications.
[8] Many previous studies rely on topographic information

to distribute climatic or hydrologic variables. Climate inter-
polation routines such as PRISM [Daly et al., 2002], snow
redistribution models [Liston and Sturm, 1998], and cold‐air
ponding studies [Chung et al., 2006] all incorporate topo-
graphic information, while hydrologic models make exten-
sive use of topography to describe downslope flow of water
[Quinn et al., 1991] or basin residence time [McGuire et al.,
2005]. In all these cases, terrain parameters derived from
digital elevation data are utilized for distributing various
physical properties throughout a study area. This study seeks
to employ a similar approach for estimating katabatic
boundary layer effects on Tg and eg over melting glaciers.
[9] The objectives of this research are twofold. First,

observational data from three glaciers in the southern Coast
Mountains of British Columbia are used to develop and test
empirical models for estimating Tg and eg from ambient
regional climate data. Second, fitted model parameters for
each site are related to morphometric indices derived from
glacier digital elevationmodels (DEMs). This research aims to
provide a simple and effective method for predicting distrib-
uted fields of air temperature and vapor pressure over melting
glaciers from ambient meteorological fields and DEMs.

2. Study Area and Data Collection

[10] The southern Coast Mountains of British Columbia
(Figure 1) contain a glacierized area of nearly 8000 km2.

Mountainous terrain and frequent winter storms interact to
produce high rates of snowfall, whereas summer weather
tends to be dominated by warm and dry conditions. Oro-
graphic forcing and proximity to the Pacific Ocean produce
a strong gradient between maritime and continental climatic
regimes. Within this region, several glaciers have been
monitored for annual mass balance by the Geological Sur-
vey of Canada (M. N. Demuth et al., Glacier mass balance
observations for Place Glacier, British Columbia, Canada
(updated to 2007) in Spatially Referenced Data Set, State
and Evolution of Canada’s Glaciers, http://pathways.geose-
mantica.net/WSHome.aspx?ws=NGP_SECG&locale=en‐
ca). Mass balance measurements were initiated at Place
Glacier in 1965, and at Helm Glacier in 1977. At Bridge
Glacier, mass balance measurements were collected between
1977 and 1985 by the British Columbia Ministry of Envi-
ronment [Mokievsky‐Zubok et al., 1985].
[11] Using a common period of record (1977–1985),

average glacier mass balances by elevation were calculated
to demonstrate climate gradients within the study region
(Table 1). Helm Glacier exhibits the greatest winter accu-
mulations and the lowest summer ablation totals for the
common elevation bands, suggesting a strong maritime
influence. In contrast, Place Glacier appears to be the most
continental site, with high summer melt totals and low
winter accumulations. Bridge Glacier extends from maritime
conditions near the divide of the southern Coast Mountains
to continental conditions near the terminus.
[12] Meteorological measurements were conducted at

three glaciers covering a range of scales. Place Glacier is a
small alpine glacier (<4 km2) at the eastern edge of the
glacierized region (Figure 2). Weart Glacier (8 km2) and
Bridge Glacier (80 km2) represent intermediate and large‐
scale glaciers within the study region. Locations of the study
glaciers and their characteristics are given in Table 1, and
glacier AWS sites and periods of record are listed in Table 2.
[13] Automatic weather stations used in this study were

based on a portable tripod design, with wooden feet to
prevent the station from melting into the snow or ice surface,
providing a relatively constant measurement height (∼1.7 m)
through the ablation season. Air temperature (Tg), relative
humidity (RHg), wind speed (ug) and wind direction (Qg)
were scanned every 10 s and recorded as 10 minute means
using a Campbell Scientific CR10X datalogger, and hourly
means were calculated from the 10 min data. Instrument
specifications are given in Table 3.
[14] To estimate ambient meteorological fields, hourly

meteorological data were obtained from three Environment
Canada stations (Figure 1) (Environment Canada, Climate
Data Online, accessed 27 March 2010, www.climate.
weatheroffice.ec.gc.ca) and three off‐glacier AWS located
at Bridge, Weart, and Helm glaciers (Figure 2). These
stations range in elevation from 200 to 2200 m (Table 4),
and are not expected to be thermally influenced by local
glaciers. Specifications for the ambient glacier AWS are
given in Table 3.
[15] Digital elevation data for the study glaciers were

obtained from aerial LiDAR surveys conducted in 2006 (M.
Demuth, personal communication, 2007). LiDAR data were
resampled to 25 m (Place and Weart) and 50 m resolution
(Bridge). Glacier boundaries were digitized from hillshaded
images of the LiDAR data, and were updated using an
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ASTER scene from 2007 (B. Menounos, personal commu-
nication, 2008).

3. Methods

[16] The general approach used in this study was, first, to
estimate regional fields of Ta and ea using vertical gradients
constructed from near‐surface climate observations col-
lected at ambient climate stations. Estimated ambient con-
ditions were then compared with observations collected
within the KBL, and statistical models were developed to
explain the observed differences. Finally, model parameters
fitted at each site were related to morphometric indices

extracted from the glacier DEMs, providing a means for
predicting spatially distributed fields of Tg and eg.

3.1. Temperature

[17] Hourly temperature observations from the six ambi-
ent AWS were regressed against elevation (Z). Hourly ver-
tical temperature gradients (gT) and reference level
temperatures (TZ=0) derived from the regression analysis
were then used to estimate ambient air temperatures (Ta) at
glacier AWS elevations. Hourly near‐surface temperature
gradients ranged from −12 to +2 K km−1 with a marked
diurnal cycle, and coefficients of determination calculated
for the temperature gradient analyses were generally high

Figure 2. Location of on‐glacier (circle) and off‐glacier (triangle) automatic weather stations at (a) Place Glacier, (b)
Weart Glacier, and (c) Bridge Glacier. Contour elevations given in meters above sea level. Flow path length color scales
and map scales are different for each image.

Figure 1. Study area map, with locations of glacier study sites, ambient weather stations (triangles),
Environment Canada climate stations (circles), and glacier mask (dark grey). For all study area maps,
bounding coordinates are given in NAD83 UTM zone 10N.
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Figure 2

Table 1. Glacier Locations, Maximum (Zmax), Minimum (Zmin), and Mean (Z) Elevation, Aspect, and Areaa

Site Latitude (deg) Longitude (deg) Zmax (m) Zmin (m) Z (m) Aspect Area (km2) bw (m w.e.) bs (m w.e.)

Bridge 50.8 N 123.6 W 2898 1375 2206 E 83 1.51 3.10
Helm 50.0 N 123.0 W 2152 1767 1951 NW 0.9 1.70 2.77
Place 50.4 N 122.6 W 2565 1826 2088 N 3.5 1.20 3.54
Weart 50.1 N 122.8 W 2751 1673 2233 N 7.0 ‐ ‐

aAverage observed winter (bw) and summer (bs) glacier mass balances, in meters of water equivalence (m w.e.) at 1950 m are given for the common
period of record (1977 to 1985). Mass balance observations were not available for Weart Glacier.
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(R2 > 0.9). However, lower R2 values (R2 < 0.4) were
observed when temperature gradients were close to or
greater than zero (temperature inversions).
[18] For each site, meteorological data were combined

into global data sets, which include all observations
spanning between one and three ablation seasons. The
onset and effects of KBL development on Tg were
identified for each site using linear piecewise models
(Figure 3). Piecewise models are consistent with the
hypothesis that the initiation of katabatic flows requires a
near‐surface temperature inversion sufficient to overcome
friction with the surface [Horst and Doran, 1986]. Near‐
surface temperatures (Tg) for site x at time t were esti-
mated from ambient temperatures (Ta) using a four‐term
piecewise model (Figure 3),

Tgðx; tÞ ¼ T1 þ k1 ðTa � T*Þ; Ta � T*

T1 � k2 ðT*� TaÞ; Ta < T*;

�
ð1Þ

where T* (°C) represents a threshold ambient temperature
for KBL effects on Tg, T1 (°C) is the corresponding
threshold near‐surface temperature for KBL effects, k1 is
the sensitivity of near‐surface air temperature to ambient
temperature changes when Ta > T*, while k2 is the sen-
sitivity when Ta < T*. The parameters k1 and k2 thus
represent the strength of the glacier boundary layer effect
for observations with and without katabatic forcing,
respectively.
[19] Separate models were fitted for global data sets at

each glacier AWS site using a nonlinear regression function
in Matlab. Residuals were examined to evaluate model fit on
seasonal and interannual time scales.

3.2. Vapor Pressure

[20] For both ambient (subscript a) and glacier (subscript
g) AWS, saturation vapor pressures (es) were calculated
using Teten’s formulae [Bolton, 1980],

es ¼ 6:108� 10ð9:5 TÞ=ðTþ265:5Þ; T > 0�C
6:108� 10ð7:5 TÞ=ðTþ237:3Þ; T � 0�C;

�
ð2Þ

where T is the observed air temperature. Vapor pressures (e)
were then calculated using observed RH,

e ¼ es � RH100 : ð3Þ

Hourly ambient vapor pressures were regressed against Z,
and the fitted elevational vapor pressure gradients (le) and
reference level vapor pressures (eZ=0) were used to calculate
ambient vapor pressures at glacier AWS sites. Hourly near‐
surface vapor pressure gradients typically ranged from −6 to
−1 hPa km−1, with a less marked diurnal cycle than that
observed for lT. Coefficients of determination (R2) calcu-
lated for le were typically greater than 0.8. While gradients
of RHa and Ta could also have been used to estimate ea, the
relations between vapor pressure and elevation were statis-
tically stronger than those for RHa, though this is related to
the dependence of es on T.
[21] Processes of condensation or evaporation/sublima-

tion at the glacier surface will affect vapor pressures
within the KBL (eg), and are determined by ambient
vapor pressure (ea) and snow or ice‐surface vapor pres-
sures (ef). With Tg > 0°C, glacier surface temperatures are
fixed at 0°C, and ef is therefore constant at the saturation
vapor pressure of 6.11 hPa. If ea > ef the gradient will
drive condensation at the surface, removing moisture from
the KBL (Figure 4). This process is frequently observed
in glacier melt studies [Hock, 2005], and results in posi-
tive (energy directed toward the surface) latent heat
fluxes. However, if Tg > 0°C and ea < ef, a reversed
vapor pressure gradient will generate evaporation and/or
sublimation from the surface (negative latent heat flux),
and add moisture to the KBL.
[22] If the near‐surface temperature is less than 0°C, the

snow/ice surface temperature can be below the melting

Table 2. Location and Periods of Records for Glacier AWSa

Site Easting (m) Northing (m) Z (m) FPL (m) Periods of Observation

BM1 457788 5629116 1732 10075 May–Aug 2008
PM1 528297 5586081 1937 2829 Aug–Sep 2006, May–Sep 2007
PM2 528523 5585611 1998 2168 Aug–Sep 2006, May–Sep 2007, May–Sep 2008
PM3 528404 5584819 2072 1036 Aug–Sep 2006, May–Sep 2007
PM4 527297 5584624 2294 970 Aug–Sep 2006, May–Sep 2007, May–Aug 2008
PM108 528523 5585611 2000 987 May–Aug 2008
PM308 528166 5585534 2007 2076 May–Aug 2008
WM1 517126 5555997 2143 3522 Jul–Sep 2007, Jun–Sep 2008
WM2 516062 5554090 2283 1697 Jul–Sep 2007

aStation coordinates are given in UTM zone 10N, and elevation (Z) and flow path length (FPL) were extracted from the airborne LiDAR DEMs.

Table 3. Meteorological Instrumentation Specificationsa

Parameter Sensor Range Accuracy

T Rotronic HC‐S3 −30°–60°C ±0.2°C
RH Rotronic HC‐S3 0–100% ±1.5%@23°C

aT, temperature; RH, relative humidity.

Table 4. Ambient AWS Locations and Data Source, With Station
Coordinates Given in UTM Zone 10N, NAD83 Datum

Site Easting (m) Northing (m) Elevation (m)

Bridge Ridgea 463200 5632482 1640
Helm Ridgea 501490 5534354 2192
Pembertonb 518517 5572019 204
Place Ridgea 526534 5586943 2075
Whistler Low Levelb 501430 5548637 933
Whistler High Levelb 503577 5548004 1640
Weart Ridgea 518349 5556981 2220

aThis study.
bEnvironment Canada (Climate Data Online, accessed 27 March 2010,

www.climate.weatheroffice.ec.gc.ca).
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point and the saturation vapor pressure immediately
adjacent to the surface would no longer be fixed at 6.11
hPa. While a vapor pressure gradient therefore cannot be
computed due to uncertainty in the surface vapor pressure,
the gradient is likely to be small as values for both ef and
ea will reflect low air temperatures, and little moisture
exchange is expected.
[23] At each site, two separate linear functions, deter-

mined by the value of Tg, are thus used to estimate near‐
surface vapor pressures,

egðx; tÞ ¼ j1 ea þ j2; Tg � 0
j3 ea þ j4; Tg < 0;

�
ð4Þ

where ji are fitted coefficients, and ea is the estimated
ambient vapor pressure (hPa). The regression line for Tg >
0°C should have a slope less than unity and cross the 1:1
line near 6.11 hPa. A separate linear fit for observations
below 0°C is expected to have a slope near unity ( j3 = 1)
and an intercept near zero ( j4 = 0 hPa). At each site, near‐
surface vapor pressures were estimated from ambient vapor
pressure gradients and model coefficients derived from the
global data sets. Model fit was examined using seasonal and
interannual residuals.

3.3. Prediction of Near‐Surface Air Temperature and
Vapor Pressure From Morphometry and Ambient Air
Temperature

[24] Distributed hydrological models typically represent
surface and near‐surface flow paths as a function of
topography, which is a dominant control on the hydraulic
gradients that drive downslope flow. A flow path length
(FPL) represents the average flow distance to a given point
starting from an upslope summit or ridge. Hydrological
processing tools in the SAGA GIS software package (http://
www.saga‐gis.org) were used to calculate FPL from the
glacier DEMs with a multiple flow direction algorithm
developed by Quinn et al. [1991]. Flow path lengths for
each glacier are shown in Figure 2.
[25] Using the station coordinates, elevation (Z) and FPL

values for each AWS were extracted from the LiDAR data
using bilinear interpolation in SAGA. Fitted coefficients T*,
ji and ki were then related to Z and FPL derived from the
glacier DEMs, and statistical models for estimating KBL
effects on T and e were developed. In fitting these models, a
weighting based on the number of station observation days
was assigned to the fitted parameter calculated for each site
( ji or ki) to avoid biasing the model fit to stations with longer
periods of record. Full models (all sites) were constructed
first to examine functional form and significance. Reduced

Figure 3. (a) Estimated ambient and observed near‐surface temperatures at PM2, 2006–2008, and (b) a
conceptual piecewise regression model for near‐surface temperatures. T* represents the critical ambient
temperature for the development of KBL effects on temperature, T1 is the corresponding on‐glacier tem-
perature, and k1 and k2 are the slopes below and above T*, respectively.

Figure 4. (a) Ambient and observed near‐surface vapor pressures at PM2, 2006–2008, and (b) concep-
tual model for KBL vapor pressure analysis. Observed eg are stratified by observed near‐surface tempera-
tures (Tg).
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models incorporating four stations (PM2, PM4, WM1, and
BM1) were then developed. Stations not used to fit the
reduced models were used as independent test sites to assess
the portability of the empirical transfer functions.
[26] The onset of KBL development depends primarily

on the thermal forcing, which is related to differences
between ambient and on‐glacier air temperatures. We
hypothesize that the onset of katabatic flow should occur
when the ambient atmospheric freezing level lies at some
critical elevation relative to the top of the glacier. There-
fore, the threshold temperature at any location should be
determined by the station elevation and vertical tempera-
ture gradients, and the critical ambient temperature for
KBL development (T*) was modeled as a linear function
of elevation Z (in m asl),

T* ¼ �1 þ �2 Z ð5Þ

where bi are fitted coefficients.
[27] The expected decrease in near‐surface temperatures

due to sensible heat exchange is limited by some combi-
nation of adiabatic warming and entrainment of overlying
ambient air. Frictional drag between the katabatic flow and
both (1) the surface and (2) the opposing up‐glacier flow of
overlying ambient air will also act to restrict the growth of
the katabatic layer, thereby imposing a limit to katabatic
wind speeds and sensible heat exchanges. Slopes of the

linear piecewise regressions (k1 and k2) were thus modeled
as exponential functions of FPL,

k1 ¼ �3 exp ð�4 FPLÞ ð6Þ

k2 ¼ �5 þ �6 exp ð�7 FPLÞ: ð7Þ

[28] To estimate Tg from ambient climate data (equation
(1)), coefficient T1 is also required. This coefficient
represents the critical near‐surface temperature for KBL
onset. If the onset of katabatic flow is a threshold event, then
T1 will be less than T*, and this is supported by the
observations (Figure 5). T1 was calculated as T* · k1.
[29] Parameters j1 and j2 (equation (4)) represent slopes

and intercepts describing the degree of moisture enhance-
ment or removal at a given site under katabatic flow regimes.
The relation of j1 and j2 to FPL should also exhibit a func-
tional form that imposes an upper limit on the degree of
moisture exchange, for reasons similar to those expressed for
temperature. Coefficients j1 and j2 were modeled as expo-
nential and logarithmic functions of FPL,

j1 ¼ �8 exp ð�9 FPLÞ ð8Þ

j2 ¼ �10 þ �11 ln ðFPLÞ: ð9Þ

Figure 5. Observed (Tg; y axis) versus ambient (Ta; x axis) near‐surface temperatures and piecewise fits
for each site. All observations collected over the 3 year study period are shown.
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As no significant relations were observed between j3, j4, and
calculated topographic indices, these parameters were cal-
culated as weighted means for both the full and the reduced
data sets, Near‐surface vapor pressures were predicted for
each test site using ambient vapor pressures, ambient tem-
peratures, and coefficients estimated from FPL (equations (8)
and (9)). Near‐surface temperatures for subsetting vapor
pressure observations at the independent AWS were also
estimated from FPL (equations (5)–(7)).
[30] Using reduced models for equations 5 to 9, Tg and eg

at the withheld sites (PM1, PM108, PM3, PM308, and
WM2) were estimated from FPL, Z, and ambient climate
data. Mean absolute errors (MAE), mean bias errors (MBE),
and root mean squared errors (RMSE) were calculated to
assess model performance (equations (10)–(12)),

MAE ¼ 1

n

X
ð ŷi � yiÞj j ð10Þ

MBE ¼ 1

n

X
ð ŷi � yiÞ ð11Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

X
ð ŷi � yiÞ2

r
: ð12Þ

To demonstrate the approaches developed above, fields of
Tg and eg were generated for the large (Bridge) and small
(Place) study glaciers during an episode of strong katabatic
forcing. Implications of this research are then discussed.

4. Results

4.1. Temperature

[31] Global (all available data) scatterplots of ambient and
observed temperatures and the piecewise regression curves
are shown in Figure 5, and optimized coefficients for the
global models are given in Table 5. Results indicate that for
temperatures above T*, near‐surface temperatures are
overestimated by as much as 10°C using only a simple
extrapolation of ambient temperature data that do not
incorporate a KBL effect. Global model values for T* range
from 4.29 to 6.48°C, with the exception of T* = 8.37 at
WM2. For Ta > T*, slopes of the line of best fit (k2) range
from 0.32 (BM1) to 0.72 (PM4). The inference that kata-
batic flows occur at Tg > T* is supported by observed wind
directions stratified by calculated T* [Shea, 2010]. At
ambient temperatures below T*, KBL effects on Tg appear

to be limited, as near‐surface temperatures measured on
the glaciers are similar to ambient temperatures estimated
for the same elevation. Slopes of the best fit lines for
nonkatabatic observations (k1) range between 0.85 and
0.95. The piecewise models explain over 90% of the
variance in observed Tg at all stations except for WM1 at
Weart Glacier.
[32] Cross‐glacier variability in KBL influence was

tested in 2008 at Place Glacier using three AWS (PM108,
PM2, and PM308) arranged across the glacier at
approximately the same elevation (Table 2). Values for T*
ranged from 5.12 to 5.61°C, and values for T1 were
between 4.76 and 4.82°C (Table 5 and Figure 5). Simi-
larly, values for k1 (the slope below T*) were between
0.89 and 0.93 at the three sites. The main difference
between the three sites was observed in coefficient k2,
which was estimated to be 0.62 and 0.64 at the outer
sites, and 0.48 at the middle site.
[33] There is no seasonal variability in the magnitude or

the sign of the modeled temperature residuals (not shown),
indicating that the fit of the piecewise model does not
depend on the evolution of the glacier surface (snow versus
ice) or on other seasonally varying phenomena. Similarly,
the global piecewise models work well between years, and
on glaciers of different spatial scales. Residuals typically
range between ±4°C, and lag‐1 (1 h) autocorrelations range
between 0.77 and 0.85, indicating a high degree of auto-
correlation. This autocorrelation is due in part to a diurnal
hysteresis between the strength of katabatic flow and
ambient air temperature [Shea, 2010].

4.2. Vapor Pressure

[34] Scatterplots of ea and eg for each AWS site illustrate
the behavior of near‐surface vapor pressure within the KBL
(Figure 6), and RMSE varies between 0.24 and 0.64 hPa
(Table 6). At Tg > 0°C, slopes of lines of best fit between eg
and ea range between 0.61 (WM1) and 0.74 (PM3). With
assumed glacier surface temperatures of 0°C, observations
indicate that vapor pressure within the KBL responds sys-
tematically to the value of ea. At all sites, reduced values of
eg are observed for ea > 6.11 hPa, and enhanced values of eg
are observed for ea < 6.11 hPa. In contrast, near‐surface
vapor pressures for Tg < 0 show lines of best fit near unity
and y intercepts near zero, indicating that moisture
exchanges between the surface and the near‐surface layers
appear to be minimal.
[35] Cross‐glacier variability in moisture exchange can be

seen in the fitted values for stations PM108, PM2, and
PM308 (Table 6). At the outer stations (PM108 and
PM308), the values for j1 are 0.72 and 0.74, respectively,
while at the inner station (PM2), j1 = 0.67.
[36] Time series of vapor pressure residuals calculated

from the piecewise models show an equal scatter of positive
and negative residuals throughout the ablation seasons at all
sites (not shown). Relations between ea and eg are thus
assumed to be applicable both within and between ablation
seasons. As with the temperature regressions, residuals are
strongly autocorrelated, with first‐order lag correlations of
0.8 or greater. However, box plots of vapor pressure
residuals by hour of day do not show obvious diurnal pat-
terns (not shown).

Table 5. Optimized Piecewise Model Parameters (T1, T*, k1, k2),
Sample Size (n), Coefficient of Determination (R2), and Root‐
Mean‐Squared Error (RMSE) for Global Temperature Models

Site T1 T* k1 k2 n R2 RMSE

BM1 4.08 6.08 0.63 0.32 1849 0.82 1.01
PM1 5.51 6.48 0.85 0.43 3429 0.90 1.04
PM2 4.76 5.60 0.89 0.48 7174 0.91 1.10
PM3 4.55 5.12 0.95 0.69 3854 0.94 0.97
PM4 3.89 4.29 0.95 0.72 5075 0.93 1.25
PM108 4.82 5.35 0.91 0.64 2355 0.96 0.86
PM308 4.82 5.12 0.93 0.62 2799 0.96 0.80
WM1 3.70 4.90 0.83 0.35 3418 0.68 1.54
WM2 6.74 8.37 0.83 0.60 1410 0.87 1.17
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4.3. Prediction of Near‐Surface Air Temperature and
Vapor Pressure From Morphometry and Ambient Air
Temperature

[37] Transfer function coefficients T*, k1 and k2 were
modeled as functions of elevation (Z) (for T*) and flow path
length (for k1 and k2) (Figure 7). For both full and reduced
models of T* and k1, parameter estimates were significant at
the 5% level. Parameters describing k2 were significant for
the full model, but not for the reduced model. At WM2, the
fitted value of T* = 8.37°C appears to be the result of

inadequate sampling at lower temperature values (Figure 5)
and the similarity between fitted slopes k1 (0.83) and k2
(0.60). The observation from WM2 was thus removed from
the full model for T*.
[38] Using the reduced models, temperature transfer

function coefficients estimated for withheld stations using
Z, FPL, and b1 to b7 are similar to those derived in the
piecewise analyses. Near surface air temperatures at the
withheld AWS sites were predicted with equation (1), using
the estimated values of Ta and coefficients predicted by the
transfer functions (equations (5)–(7)). Comparisons of

Figure 6. Observed near‐surface (eg; y axis) versus estimated ambient (ea; x axis) vapor pressures, sub-
set by near‐surface temperature. Regression lines and observations for Tg > 0 are in black and in grey for
Tg < 0. All observations collected over the 3 year study period are shown.

Table 6. Optimized Near‐Surface Vapor Pressure Model Parameters ( ji), Coefficient of Determination (R2), and Root‐Mean‐Squared
Error (RMSE; hPa), Subset by Observed Near‐Surface Temperature

Site

Tg > 0°C Tg ≤ 0°C

j1 j2 (hPa) n R2 RMSE j3 j4 (hPa) n R2 RMSE

BM1 0.43 2.92 1786 0.65 0.45 1.21 −1.69 63 0.73 0.24
PM1 0.63 2.05 3099 0.74 0.52 1.04 −0.42 330 0.62 0.42
PM2 0.67 1.89 6236 0.75 0.57 0.83 0.68 938 0.66 0.40
PM3 0.74 1.67 3429 0.71 0.68 1.03 0.01 425 0.79 0.36
PM4 0.67 1.83 3997 0.70 0.64 0.89 0.49 1078 0.77 0.37
PM108 0.72 1.68 1941 0.79 0.50 0.91 0.45 414 0.80 0.29
PM308 0.74 1.47 2339 0.82 0.50 0.85 0.60 460 0.80 0.30
WM1 0.61 2.22 3187 0.74 0.51 0.63 1.41 231 0.39 0.52
WM2 0.79 1.34 1337 0.68 0.64 1.15 −0.69 73 0.40 0.52
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modeled and observed near‐surface temperatures at the
withheld sites (Figure 8) demonstrate that modeled tem-
peratures agree with those observed within the KBL across
the entire range of temperatures observed, and RMSE ranges
from 0.95 to 1.32°C (Table 7). By correcting Ta for KBL
effects, errors in modeled temperature at independent sta-
tions are of the same magnitude as the errors in the indi-
vidual piecewise analyses conducted at these sites (Table 5),
indicating the success with which Tg can be estimated using
Z and FPL.
[39] Models for estimating vapor pressure transfer func-

tion coefficients are shown in Figure 9. Both b8 and b9 are
significantly different from zero in the full and reduced
models, while b10 and b11 are significant only in the full
model. Exponential and logarithmic functions are again used
to estimate the scaling parameters, suggesting that evapo-

ration and condensation within the katabatic boundary layer
reach an equilibrium after a certain flow distance.
[40] Near‐surface vapor pressures were modeled at the

withheld glacier AWS using estimates of ea and transfer
function coefficients (equation (4)) derived from FPL.
Observed eg is successfully modeled at all test sites
(Figure 10), and RMSE ranges from 0.54 to 0.71 hPa
(Table 7). Mean bias errors range from −0.38 to 0.02 hPa,
suggesting that vapor pressures tend to be underestimated
using FPL. However, errors in eg modeled from topo-
graphic indices are of the same magnitude as those cal-
culated when using the actual station data (Table 6).

4.4. Application

[41] Using the methods described above, distributed fields
of Tg and eg were constructed for an episode of strong
katabatic forcing (1400 local time, 28 June 2008). Coeffi-
cients from the full models and flow path lengths calculated
from the DEMs were used to predict Tg and eg for Place
Glacier and Bridge Glacier from the regional climate net-
work.
[42] Figures 11a and 11b illustrate potential errors (DT =

Ta − Tg) associated with using ambient climate data to
estimate near‐surface temperatures at Bridge and Place
Glaciers. Errors in estimated temperature are greatest
(between 10 and 15°C) at the glacier termini, and approach
zero at glacier summits and ridges where differences
between Ta and Tg are minimized. At Bridge Glacier during
strong katabatic forcing, the lowest near‐surface tempera-
tures are expected in the upper accumulation basins, as
cooling due to KBL flow is maximized within the first
5000 m (Figure 7) and adiabatic heating is minimal. At
lower elevations, adiabatic warming counters the cooling
effect associated with flow distance, and the form of the
relation between k2 and FPL imposes a limit on KBL
cooling. Smaller lobes of ice, such as those south of the
main trunk, are not expected to experience significant KBL
cooling. It should be noted that the flow path length model
breaks down at the terminus of Bridge Glacier, which is
actually floating and has zero slope.
[43] At Place Glacier (Figure 11b), the lowest tempera-

tures are expected at the glacier terminus, though the mag-
nitude of the temperature difference between the glacier and
the surroundings is less extreme than that observed for
Bridge Glacier. Modeled Tg at both glaciers is less than Ta,
as the 0°C isoline is located above 3000 m. Figures 11a and
11b demonstrate the potential for significant errors in
extrapolating temperatures from off‐glacier stations during
peak melt periods, with possible errors of up to 15°C at the
lower elevations of Bridge Glacier, and 10°C at Place
Glacier.
[44] Using FPL to predict eg introduces a pronounced

effect on near‐surface vapor pressures, with a dependence
on the large‐scale vertical gradients of moisture that has not
been previously identified. To illustrate these effects, De =
ea − eg is plotted in Figures 11c and 11d. For the chosen
time interval, values for De range between −1 and 2 hPa at
Bridge Glacier, and −0.5 and 0.5 hPa at Place Glacier.
Vertical gradients of ea place the 6.11 hPa isoline at
approximately 1710 m. At Bridge Glacier, this line separates
areas where moisture is added to the KBL (Z > 1710 m) due
to evaporation/sublimation from areas where moisture is

Figure 7. Models for estimating KBL temperature transfer
function coefficients from topographic indices. Solid lines
represent full model fits, dashed lines are reduced model fits,
solid black circles are reduced model AWS sites, and open
circles are withheld AWS sites.
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extracted (Z < 1710 m) due to condensation at the surface.
At Place Glacier, where the entire glacier surface lies above
1800 m, evaporation is expected to occur over the entire gla-
cier for the given vertical gradient of ea. Changes in the
moisture characteristics of ambient air masses moving through
a region thus appear to be able to impart a strong and spatially
variable effect on latent energy fluxes over melting glaciers.

5. Discussion

[45] The interpolation of ambient air temperature and
vapor pressure from the regional network of weather sta-
tions accounted only for vertical variations because the
limited number of stations and their distribution would not
allow gradients associated with latitude and longitude to be
estimated with confidence. The effect of lateral variability
should be greatest for Bridge Glacier, which is the most
remote of the three study glaciers. The effect on air tem-
perature appeared minimal, as removal of Bridge Glacier
from the calculation of vertical temperature gradients had
little effect on the fitted relation (results not shown). How-
ever, removal of Bridge Glacier from the hourly regressions
for vapor pressure had a noticeable effect on the fitted

relations (results not shown). The presence of lateral vari-
ability could also account for the fact that the relation
between eg and ea for Tg < 0 appeared to be shifted to the
right at Bridge Glacier compared to the relations for the
other glaciers. In future studies, more complex interpolation
schemes, such as those developed by Susong et al. [1999]
and Stahl et al. [2006] should be used to estimate ambient
air temperatures and humidities.
[46] As an alternative to ground‐based measurements,

gridded climate data or regional atmospheric models
[Ainslie and Jackson, 2010] could be used to estimate Ta
and ea. Previous testing suggests that gridded reanalysis
products and ground‐based weather station data offer
equivalent skill at estimating ambient temperatures in alpine
terrain [Shea et al., 2008]. However, the temporal resolution
of reanalysis products reduces the number of available
observations, and the limited spatial resolution of both
gridded climate data and regional atmospheric models may
not be appropriate for local studies without implementing
downscaling algorithms [Stahl et al., 2008].
[47] Digital elevation data used to calculate flow path

lengths at the glaciers used in this study were collected
through airborne LiDAR systems (M. Demuth, personal
communication, 2007), which have a high degree of accu-
racy. Digital elevation products with coarser resolutions or
spurious artifacts may give erroneous estimates of flow path
length, which would influence the findings of this research.
Digital elevation data supplied by Terrain Resource Infor-
mation Management (TRIM) Program of the province of
British Columbia, for example, contain artificial ridges
produced during the digitization of overlapping aerial pho-
tographs. These ridges produce substantial differences in the
flow path lengths calculated for both Place and Bridge
Glacier as compared to the LiDAR derived FPL (Figure 2).
[48] Results from the transect of stations at Place Glacier

in 2008 illustrate a cross‐glacier variability in boundary

Figure 8. Observed and modeled Tg at independent testing sites.

Table 7. Mean Absolute Error (MAE), Mean Bias Error (MBE),
Root‐Mean‐Squared Error (RMSE), and Sample Size (n) for Tem-
peratures and Vapor Pressures Modeled at Independent Glacier
AWS

Site

Temperature (°C) Vapor Pressure (hPa)

nMAE MBE RMSE MAE MBE RMSE

PM1 0.83 −0.17 1.07 0.42 0.02 0.54 3429
PM3 1.06 −0.53 1.32 0.62 −0.38 0.78 3854
PM108 0.76 0.27 0.95 0.45 −0.31 0.58 2355
PM308 0.77 −0.43 1.05 0.45 −0.31 0.58 2799
WM2 0.95 −0.02 1.27 0.56 −0.25 0.71 1410
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layer effects on both Tg and eg. With katabatic forcing,
temperatures near the middle of the glacier are substantially
cooler than those observed toward the edges (Table 5).
Additionally, the degree of moisture enhancement/reduction
( j1) is more pronounced at PM2 ( j1 = 0.67) than at either
outside station ( j1 = 0.72 and 0.74 for PM108 and PM308,

respectively). Stations near the glacier edge may exhibit
different temperatures or vapor pressures from interior
stations through the advection of sensible heat or moisture
from the surrounding terrain, but results of this research
provide an alternative explanation. Flow path lengths are
reduced at the glacier margins (Figure 2), reducing the
exchanges of sensible and latent heat during katabatic
flows.
[49] While the relations between transfer function coef-

ficients and FPL are consistent with the physics of kata-
batic flow and are thus reasonable, the current data set is
insufficient to define the form of the relation with confi-
dence. The one point for Bridge Glacier defines the curve
for longer FPL and there is limited sampling of lateral
variability. A useful exercise would be to compile data
from a range of glaciers in different regions to explore the
effects of glacier scale, lateral variability and regional
climatic variations on the relations between ambient and
on‐glacier air temperature and humidity. In this regard,
maps of flow path length (Figure 2) may provide useful
criteria for AWS siting.
[50] Results from this research have several important

implications for glacier energy balance melt modeling. First,
the use of off‐glacier temperatures or constant lapse rates is
not appropriate for estimating Tg unless KBL effects are
taken into account. With strong katabatic forcing, the dif-
ference between Ta and Tg can be greater than 10°C at sites
with large FPL (Figure 5), which will have a significant
effect on modeled sensible heat fluxes. In situations where
energy balance parameters are tuned to observed melt totals,
it is important that the driving variables be estimated in a
consistent manner to minimize errors in the tuned para-
meters. Second, Figure 11c demonstrates that the combi-
nation of station location and air mass characteristics may
determine the sign of the latent heat flux; differences in the
sign of the latent heat flux observed at various glacier

Figure 10. Observed and modeled eg at independent testing sites.

Figure 9. Models for estimating KBL vapor pressure trans-
fer function coefficients. Legend as in Figure 7.
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locations [Hock, 2005] may thus be a product of AWS
location as opposed to climatic setting. Finally, this
research presents a simple method for correcting ambient
climate conditions for katabatic boundary layer effects over
melting glaciers. As turbulent fluxes are commonly esti-
mated using bulk aerodynamic methods, fields of Tg and eg
are required. Our results provide a novel method for
generating fields of driving variables for distributed energy
balance modeling in unmonitored locations, particularly at
a regional scale.

6. Conclusions

[51] The katabatic boundary layer and its effect on near‐
surface air temperature and vapor pressure was examined
using meteorological data from three glaciers, collected
over three seasons in the southern Coast Mountains of
British Columbia. Measured near‐surface temperatures (Tg)
and vapor pressures (eg) were found to be strongly affected
by katabatic flow, with substantial deviations from ambient

conditions estimated from a regional network of off‐glacier
weather stations. Simple empirical models for estimating
Tg and eg from ambient conditions explained a substantial
portion of the effects of thermal and moisture exchanges
within the katabatic boundary layer.
[52] The onset of katabatic boundary layer influence

corresponds to a threshold ambient temperature (T*) that
can be identified through piecewise linear regressions. For
Ta > T*, near‐surface temperatures are determined by the
ambient temperature forcing and the rate of katabatic cool-
ing, which varies between sites. Below T*, observed Tg and
estimated Ta are approximately equal, though small differ-
ences in the surface energy balances over glaciers and
nonglacier surfaces will introduce minor systematic differ-
ences between the two temperature values.
[53] Latent heat exchanges provide a mechanism for

altering near‐surface vapor pressures over melting glaciers.
When near‐surface temperatures are greater than 0°C,
observed eg varies systematically with estimated ea. At air
temperatures greater than 0°C, snow/ice surfaces are nor-

Figure 11. Estimated katabatic boundary layer effects on near‐surface temperature and vapor pressure,
for 1400 local time, 28 June 2008. Differences between ambient and corrected near‐surface T and e were
calculated asDT = Ta − Tg andDe = ea − eg. Darker shades indicate higher values ofDT for (a) Bridge and
(b) Place Glacier. For De at (c) Bridge and (d) Place Glacier, dark shades indicate evaporation at the sur-
face and enhancement of near‐surface vapor pressure, while lighter shades indicate condensation at the
surface, and a reduction of near‐surface vapor pressure.
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mally at the melting point, and thus fixed at 0°C, and surface
vapor pressures are 6.11 hPa. Variations in ea thus drive
moisture extraction or addition from the near‐surface layers
through the processes of condensation (ea > ef) or evapo-
ration/sublimation (ea < ef).
[54] Coefficients from the empirical models for Tg and eg

are related to flow path lengths generated from digital ele-
vation models. These empirical relations provide a basis for
distributing fields of Tg and eg at any glacier where digital
elevation data are available. Results of this research repre-
sent a new approach for estimating near‐surface meteoro-
logical variables required for calculating turbulent heat
transfers, and the method appears to be robust for extension
to glaciers between 4 and 80 km2.
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