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Abstract The aerodynamic roughness length (z;) is an essential parameter in surface energy balance
studies, but few literature values exist for debris-covered glaciers. We use microtopographic and
aerodynamic methods to assess the spatial variability of z, for Lirung Glacier, Nepal. We apply structure
from motion to produce digital elevation models for three nested domains: five 1 m? plots, a 21,300 m?
surface depression, and the lower 550,000 m? of the debris-mantled tongue. Wind and temperature sensor
towers were installed in the vicinity of the plots within the surface depression in October 2014. We
calculate z, according to a variety of transect-based microtopographic parameterizations for each plot,
then develop a grid version of the algorithms by aggregating data from all transects. This grid approach
is applied to the surface depression digital elevation model to characterize z, spatial variability. The
algorithms reproduce the same variability among transects and plots, but z, estimates vary by an order
of magnitude between algorithms. Across the study depression, results from different algorithms are
strongly correlated. Using Monin-Obukov similarity theory, we derive z, values from the meteorological
data. Using different stability criteria, we derive median values of z;, between 0.03 m and 0.05 m, but with
considerable uncertainty due to the glacier's complex topography. Considering estimates from these
algorithms, results suggest that z, varies across Lirung Glacier between ~0.005 m (gravels) to ~0.5 m
(boulders). Future efforts should assess the importance of such variable z, values in a distributed energy
balance model.

1. Introduction

Debris-covered glaciers are distributed globally, representing a distinctive minority of total glacier area.
Although debris-covered glaciers have received focused study in recent years, the interactions of a debris-
covered glacier with the atmosphere are complex and some physical processes remain poorly understood
[Brock et al., 2010; Collier et al., 2014, 2015; Rounce et al., 2015; Evatt et al., 2015]. Debris cover heavily modifies
the primary processes of energy exchange between the atmosphere and the glacier surface. Early studies
identified the thickness-dependent trade-off between albedo and conductive heat transfer [@strem, 1959],
but the debris surface also has direct effects on the longwave radiation budget and turbulent energy exchange
[Collier et al., 2014; Evatt et al., 2015; Steiner et al., 2015], while the presence of supraglacial debris has been
noted to heighten temperature lapse rates at the glacier scale [Steiner and Pellicciotti, 2016; Shaw et al., 2015].

Studies have increasingly incorporated these processes into point scale models of subdebris melt [e.g.,
Nicholson and Benn, 2006; Brock et al., 2010; Fyffe et al., 2014; Evatt et al., 2015]. In addition to meteorological
forcing, energy balance models require knowledge of the debris layer’s properties, including debris thickness,
effective thermal conductivity, albedo, and aerodynamic roughness length. It is possible to constrain these
parameters at a point through extensive field observations [Ragettli et al., 2015] or to estimate them through
model optimization [Rounce et al., 2015]. However, each of these parameters is spatially variable and largely
unconstrained for a debris-covered glacier surface, so distributed applications of a debris-covered glacier
energy balance model are rare [Reid et al., 2012; Fyffe et al., 2014; Collier et al., 2015].

This paper explores one important parameter, the aerodynamic roughness length, to understand its spatial
variability. We first examine existing literature on the topic to structure our aims for the study.

1.1. Background

The term “surface roughness” has many technical meanings and applications in the earth sciences, but here
we consider specifically the aerodynamic roughness length (z, y,, hereafter z;), defined as the height above
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the ground at which a vertical wind profile drops to zero [Smith, 2014]. Analytically, the term is a constant
of integration from the log profile of turbulent flow velocity over a surface, and this characterizes the loss of
wind momentum due to the surface’s fine topographic variability [Chappel and Heritage, 2007]. Thus, z, by
definition directly influences the turbulent exchanges of sensible and latent energy at a surface and is a crucial
parameter in energy balance models [e.g., Reid and Brock, 2010; Fyffe et al., 2014].

Applying Monin-Obukhov similarity theory, z;, can be determined at a point by fitting a logarithmic curve
to an observed wind profile [e.g., Brock et al., 2006; Smeets and van den Broeke, 2008a]. Alternatively, wind
tunnel measurements provide robust estimates of z, by repeatedly perturbing a steady flow with regular
roughness elements [Counihan, 1971; Petersen, 1997]. However, both of these methods are difficult to apply
to complex terrain exhibiting irregular roughness elements, such as a debris-covered glacier: as these values
of z; integrate terrain and flow interactions over an unknown distance, they are intended to be collected with
a long fetch of relatively homogeneous terrain. Nonetheless, similarity theory has been found valid for some
examples of complex terrain [Smeets et al., 1999], but the need for near-surface stability [Martins et al., 2009]
and often moderate wind speeds [Liang et al., 2014], can greatly limit the number of observations of this kind.

Research has also attempted to construct physically plausible parameterizations of z, based on the geometry
of roughness elements and their effective drag for a turbulent flow, using both mechanistic models based on
the drag of elements [e.g., Lettau, 1969; Counihan, 1971; Munro, 1989; Rounce et al., 2015; Smith et al., 2015b]
and empirical relationships developed from wind tower measurements [Nield et al., 2013a]. These microtopo-
graphic methods have proven effective for capturing the variability of roughness between sites and transect
directions [Rees and Arnold, 2006; Nield et al., 2013a; Irvine-Fynn et al., 2014]. Traditional microphotographic
methods rely on measurements of elevation along a transect, then estimation of an effective roughness
element and the corresponding z, value [e.g., Lettau, 1969; Munro, 1989].

More recently, the ability to collect very high resolution and accurate terrain data through Light Detection
And Ranging (LiDAR) [e.g., Nield et al., 2013b] and structure from motion (SfM) (see Smith et al. [2015a] for
a review of the technology and a comprehensive overview of recent literature) has inspired application of
microtopographic methods to gridded data sets or point clouds. However, microtopographic methods are dif-
ficult to apply uniformly between studies: transect approaches [e.g., Rees and Arnold, 2006] and grid or point
cloud-based efforts [Nield et al., 2013b; Irvine-Fynn et al., 2014; Rounce et al., 2015; Smith et al., 2015b] differ in
scale of analysis and resolution. Further, the sensitivity of microtopographic algorithms to numerous param-
eters remains unclear, including the following: transect length, resolution, size of a detectable obstacle, and
detrending method. Perhaps most importantly, many of the recent methods have been developed without in
situ wind observation to validate the microtopographic estimates of z, [Irvine-Fynn et al., 2014; Rounce et al.,
2015; Smith et al., 2015b]. Consequently, empirical relationships probably best represent actual values of z, as
they are developed from paired wind and topographic measurements spanning several orders of magnitude
of roughness [Nield et al., 2013b].

Reported values of z, for glacier surfaces span several orders of magnitude, with reported values ranging from
4x 10~* m for dry snow on an ice sheet to 8 x 10~2 m for very rough glacier surfaces [Brock et al., 2006; Smeets
and van den Broeke, 2008b; Guo et al., 2011]. Microtopographic observations have been able to reproduce
much of this variability (Table 1). For snow and ice surfaces, studies have noted a strong difference in micro-
topographic estimates for cross-glacier and down-glacier survey directions partly due to feedback between
wind in the dominant flow direction and surface change [Brock et al., 2006; Rees and Arnold, 2006; Irvine-Fynn
etal., 2014].

For surfaces similar to a debris-covered glacier in composition, z, estimates range between 5 x 10™* m and
9.8 x 1072 m, increasing strongly with the portion of a surface covered by debris and with the size of typ-
ical debris grains (Table 1). Relatively few studies have estimated z, for a debris-covered glacier surface, so
here we also include measurements for other rocky surfaces. Values actually used in energy balance models
for debris-covered glaciers comprise a much smaller window of the measured range (Table 2). A theoretical
minimum value of z; can be established by the surface variations of a boulder Dabski [2012], while most esti-
mates fall in the range 5 x 1073 m to 2 x 1072 m. For modeling applications, the values are generally applied
as a uniform fixed value, although roughness is known to vary in space [Rippin et al., 2015] and time [Nield
etal., 2013al.
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Table 2. Values of z; Used in Modeling the Energy Balance of the
Debris-Covered Glacier Surface

Study Zo (m) Source
Nicholson and Benn [2006] 0.01 Takeuchi et al. [2000]
Reid and Brock [2010] 0.016 Brock et al. [2010]
Reid et al. [2012] 0.016 Brock et al. [2010]
Lejeune et al. [2013] 0.012 assumed
Collier etal. [2014] 0.016 Brock et al. [2010]
Fyffe et al. [2014] 0.016 Brock et al. [2010]
Fujita and Sakai [2014] 0.005 calibration parameter
Ragettliet al. [2015] 0.016 Brock et al. [2010]
Evatt et al. [2015] 0.01 Nicholson and Benn [2006]
Rounce et al. [2015] 0.007-0.03 optimized

Relatively few studies have assessed the aerodynamic roughness length on the Tibetan Plateau or the
Himalaya, and even fewer have done so for glaciers. In the Tibetan Plateau, Guo et al. [2011] measured z, vary-
ing between 10~ and 1072 m over a changing glacier surface during the ablation season. In the Himalaya,
Azam et al. [2014] calculated z, over a changing glacier surface based on wind measurements at two heights,
resulting in z, = 0.016 for ice and 0.001 for snow surfaces. Inoue and Yoshida [1980] and Wang et al. [2014]
have provided the only measurements of z, on a debris-covered glacier in the region to date (Table 1). Other
data frequently used in energy balance studies in the region stem from experiments carried out on multiple
off-glacier sites [Yang et al., 2002].

It is conclusively important to note that although aerodynamic and microtopographic estimates of z, can be
compared, they are actually measuring different things: a property of a flow and of a surface, respectively
[Smith, 2014].

1.2. Aim of This Study
This study aspires to advance understanding of the variability of aerodynamic roughness lengths for a
debris-covered glacier by pursuing several lines of inquiry. In this analysis, we

1. Estimate z, with transect-based microtopographic methods for five plots on a hummocky debris-covered
glacier to determine sensitivity of algorithms to input data and to determine isotropy of the debris surface.

2. Estimate z, using empirical and mechanistic microtopographic methods for larger domains (within a typical
surface depression and across the whole debris-covered glacier tongue), to determine a range of values for
use in optimization and modeling.

3. Calculate z, within the study area based on aerodynamic inversion of wind observations and compare this
to the estimates at plot, basin, and glacier scales.

4. Compare the aerodynamic estimate of z, to microtopographic estimates based on varying DEM sizes to
consider the utility of the microtopographic methods.

2. Field Observations

In October 2014 a field campaign collected data to estimate z, for the debris-covered Lirung Glacier in Nepal.

2.1. Study Site

Lirung Glacier (28°13'57"N, 85°33'43"E) is located in the upper Langtang River catchment of Nepal (Figure 1a),
and is one of several debris-covered glaciers in the valley. Lirung Glacier has a very large elevation range
(~4000-7132 m above sea level, asl), beginning near the summit of Langtang Lirung and flowing south and
has a total area of about 6 km? [Ragettli et al., 2015].

The glaciers in the Langtang Valley are rapidly thinning in response to climate change [Pellicciotti et al., 2015],
and Lirung Glacier specifically is in an advanced state of decay. In recent decades the glacier’s low-gradient
tongue detached from the headwall accumulation area and a proglacial lake formed at the glacier’s terminus.
The glacier has retreated 1.4 km from this position [[mmerzeel et al., 2014] and has thinned dramatically from
its Little lce Age moraines [Miles et al., 2017b].
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Figure 1. (a) Location of the AWS and survey areas on Lirung Glacier. (b) Location within Nepal. (c) Hillshade of the

5 cm resolution DEM derived for the study depression, also showing locations of the 1 m2 plots and meteorological
equipment. (d) Ground view of the study depression, study plots, and meteorological stations, highlighting the range
of grain sizes and local topographic variability of the debris surface. () Configuration of wind and temperature
sensor tower and automated weather station on Lirung Glacier.

Currently, more than 20% of the Lirung Glacier’s surface is mantled with rocky debris, which extends to 5200 m
asl. The debris-covered glacier tongue has a length of 3.5 km and averages 500 m in width, although the
transition between debris-covered glacier and ice-cored lateral moraine is difficult to demarcate (Figure 1a).
The debris layer exceeds 50 cm in thickness for most of this area [Ragettli et al., 2015], and the debris is very
heterogeneous in composition, ranging from boulders with several meters in height to fine silts (Figure 1c).
The surface topography of the debris-covered tongue exhibits extremely variable relief characterized by
ablation-induced debris cones and depressions and is punctuated by occasional cliffs of bare ice [Steineret al.,
2015; Brun et al., 2016] and surface ponds [Miles et al., 2017b].

2.2. Plot Surveys

Five 1T m? plots were surveyed to represent the variety of surface conditions on the debris-covered tongue.
Plots were located within 20 m of an automated weather station (AWS) and wind tower (Figure 1). For scale,
a right angle meterstick was placed at the plot, then five photographs were taken to observe the plot from
each cardinal direction and overhead.

Agisoft Photoscan software was then used to process the photographs into a digital elevation model (DEM)
and synthetic orthophoto for each plot. Photoscan uses structure from motion (SfM) to solve for a surface
point cloud from disperse photographs. SfMis increasingly used in cryospheric studies [Irvine-Fynn et al., 2014;
Rounce et al., 2015; Brun et al., 2016], and the reader is directed to Westoby et al. [2012] for a description of the
SfM workflow and Immerzeel et al. [2014] for Agisoft specifically. The meterstick ends and corners were used
to locally georeference the plot, then the meterstick was measured in Agisoft at 10 cm increments to evaluate
the inherent errors in the terrain model. The mean absolute error for these positions was 1 mm horizontally
and 1.5 mm vertically. Each plot’s point cloud was gridded to a DEM of 1 mm horizontal resolution for analysis.
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Figure 2. (top) SfM-generated orthophotos and (bottom) detrended DEM:s for the five study plots highlight the variable composition of the debris surface.
Up-glacier is oriented upward for each plot.

The resulting DEMs and synthetic orthophotos are displayed in Figure 2, showing surface conditions typical
of Lirung Glacier, including sporadic vegetation.

2.3. SfM Surveys of the Glacier Tongue

At the opposite extreme of scales, a terrestrial SfM survey was completed to develop a DEM covering the
majority of the debris-mantled tongue (550,000 m?), using 737 photographs taken from the glacier’s lateral
moraines and from prominent positions on the glacier surface. The point cloud generated from these data was
gridded to 25 cm resolution. These data (hereafter, Lirung DEM) were evaluated with 682 differential global
positioning system (dGPS) points taken on the glacier surface and had a mean absolute error of 0.5 m [Brun,
2015]. Comparable SfM-generated DEMs have previously been derived for this area from airborne surveys
[Immerzeel et al., 2014; Kraaijenbrink et al., 2016].

Finally, a similar survey was completed for a local surface depression, consisting of 173 terrestrial photographs
taken in the proximity of the AWS. These photographs were processed using Agisoft to produce a DEM for the
surveyed area (approximately 41,000 m?) at 5 cm horizontal resolution based on the geometric agreement of
the point cloud (18 million points). Hereafter, this is referred to as the AWS DEM. To assess the accuracy of this
5 cm DEM (hereafter, AWS DEM), it was compared to the Lirung DEM. After georeferencing and trimming to the
area with a consistent high density of points with few interpolation zones, the AWS DEM covered 21,300 m?
(Figure 1b). For this area, the standard deviation of elevation differences between the AWS DEM and Lirung
DEM is 1.2 m, which is largely due to the representation of large boulders (>4 m tall) at the site, which were
not delineated as clearly at the coarser resolution.

Individual boulders in the depression extend up to 10 m in height and length, while a few patches that
could not be adequately resolved with our photos appear as smooth areas due to interpolation. Most of the
depression’s debris surface is composed of cobbles similar in size to the study plots (Figure 1c).

2.4. Wind and Temperature Towers

An AWS was located on the debris-covered tongue from 2012 until it was destroyed by the Gorkha earthquake
in April 2015 (4076 m asl, see Figure 1 for locations and Steiner et al. [2015] for details). For a period of 11 days
in October 2014, towers were erected adjacent to the AWS and equipped with sensors to measure air temper-
ature and wind speed. Air temperature was measured at the surface, 20 cm, 50 cm, 1 m, and 2 m above the
ground using Onset TidBits (UTBI-001, accuracy: +0.2°C) shielded from direct radiation with PVC pipes coated
in aluminum foil. Anemometers (Anderaa Wind Speed Sensor 2740, accuracy: +2%) were used to measure
wind speed at 50 cm, 1 m, and 2 m heights, while wind direction was recorded by the AWS. Reported heights
are measured from the base of the towers, which is a flat plate that rests atop the surface. Temperature and
wind speed were recorded at 5 min intervals and averaged to 30 min values for analysis.

MILES ET AL. DEBRIS-COVERED GLACIER Z,, VARIABILITY 8452
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3. Analysis

To capture the variability of z, across our study site, and in an effort to constrain its magnitude, we use a
combination of mechanistic and empirical microtopographic models. These methods are first applied in the
traditional transect approach, then applied in an approach suitable for gridded data. We then compare these
values to z, calculated from aerodynamic inversion at the AWS location.

3.1. Microtopographic Transect Approach
First, we analyze the microtopography of the study plots using profiles of elevation data. Several mechanis-
tic methods to estimate z, have been developed based on the zero-up-crossing approach of Lettau [1969].
A linear set of height measurements is detrended and broken into sections crossing the mean value in an
upward direction. Each of these sections is considered an obstacle to wind, and its length and height are
measured, forming a population of obstacles. The method of Lettau [1969] then estimates the resistance to
flow based on the average obstacle size, h*, with equation (1), where s is the silhouette area of the aver-
age obstacle or vertical crosswind-lateral plane (cm?) and S the specific area measured in the horizontal
plane (cm?). Employing Lettau’s nomenclature, s and S are defined by equations (2) and (3), where X is the
length of the transect and f is the number of continuous groups of positive height deviations above the
mean elevation.

s

z, = 0.5h" S

m

h*X
= 2
Y @

5= (’7()2 3)

7= @)

Numerous alternative microtopographic methods are available from the literature, but we use algorithms
from two sources. The method of Munro [1989] has been used extensively in glaciology and is an approxima-
tion to the method of Lettau [1969] using twice the standard deviation of elevation for the detrended profile
rather than the mean obstacle height (h*= 20,), which reduces equations (1)-(3) to equation (4). Meanwhile,
Nield et al. [2013b] combined wind tower measurements with terrestrial laser scanning of small plots to develop
empirical relationships between z, and diverse surface characteristics.

To calculate z,, we use the Lettau [1969] (hereafter, Lettau) and Munro [1989] (Munro) profile methods, as well
as select best fit empirical parameterizations from Nield et al. [2013a], based on the following: the standard
deviation of bilinearly detrended surface elevations (NieldEstd, equation (5)), the standard deviation of obsta-
cle heights (NieldHstd, equation (6)), the mean obstacle height (NieldHmean, equation (7)), the maximum
obstacle height (NieldHmax, equation (8)) encountered for the profile, and the sill of a fitted semivariogram
for a profile of elevations (NieldSill, equation (9)). Many other empirical parameterizations are developed in
Nield et al. [2013b], but we chose to evaluate single-parameter models with R > 0.7.

In(z,) = 0.65 + 1.37 X In(,,); (5)
In(zy) = 0.28 + 1.33 X In(h,); (6)
In(zy) = —0.29 + 1.33 X In(Ayean): )
In(zy) = —2.02 + 1.5 X In(h,..,,); 8)
In(zy) = 0.6 + 0.67 x In(s); 9)

For equations (5) to (9), o, is the standard deviation of bilinearly detrended surface elevations (m), h, is the

standard deviation of obstacle heights (m), h is the mean obstacle height (m), h,., is the maximum

mean max

MILES ET AL. DEBRIS-COVERED GLACIER Z, VARIABILITY 8453



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026510

obstacle height (m) for the profile and s is the sill (m?) of a fitted semivariogram for a profile of elevations [Nield
etal.,, 2013b].

With a spatial resolution of 1 mm and extent of 1 m, each plot DEM produces 1001 profiles of 1001 elevations
for down-glacier and cross-glacier directions (i.e., each row and column). To estimate z, by these profile meth-
ods, we evaluate the algorithms for each plot’s profiles in down-glacier and cross-glacier directions. We then
evaluate the anisotropic ratio of z, values for each algorithm and plot.

3.2. Microtopographic Grid Approach

Second, to calculate z, from the AWS DEM, we developed a gridded implementation of the profile meth-
ods. For a detrended DEM of equal height and width, we determined the standard deviation of elevations,
from which the NieldEstd method was used to directly estimate z,. We then aggregated obstacles from all
detrended profiles in the down-glacier and cross-glacier directions, both forward and backward, to character-
ize the full distribution of potential obstacles with which the boundary layer interacts. We then applied each
of the profile methods (NieldHstd, NieldHmean, NieldHmax, and Lettau, Munro) to the combined obstacle
population.

Thus, to estimate z, across the AWS depression, the AWS DEM (0.05 m resolution) was subdivided into grids
of 3 x 3 m (9 m?, 60 x 60 pixels), 6 x 6 m (36 m?, 120 x 120 pixels), 12 x 12 m (144 m?, 240 x 240 pixels), and
18 x 18 m (324 m?, 360 x 360 pixels) zones, producing 2082, 586, 147, and 67 individual DEMs, respectively.
The gridded approaches were applied to each individual DEM to develop a spatial description of z, for each
algorithm and direction, spanning a variety of scales.

To estimate z, across the entirety of the glacier, the same method was applied to the Lirung DEM (0.25 m
resolution), with grid sizesof 6 X 6 m, 12 X 12 m, 18 X 18 m, 24 X 24 m, 30 X 30 m, 45 X 45 m, 60 X 60 m,
90 X 90 m, and 120 x 120 m. Again, the gridded approaches were applied to each individual DEM to develop
a spatial description of z, for each algorithm and direction, spanning a variety of scales.

Last, the Lirung DEM was coarsened to resolutions of 0.5 m, 1 m, 2 m, and 5 m. Each coarsened DEM was
subdivided as for the 0.25 m resolution DEM, and z, was calculated for each subdomain using the
coarser DEMs.

3.3. Aerodynamic Inversion Approach

Using the tower observations of wind speed and temperature, and applying the profile aerodynamic method
based on Monin-Obukhov similarity theory, it is possible to derive the aerodynamic roughness length z, and
the scalar roughness for temperature z, 1.

We derived z, and z, ; by optimizing the fit of the tower data to equations (10) and (11), where u(z) and T(z)
are wind speed (m s~') and temperature (°C) at height z, d is the displacement height, u* and T* are the friction
velocity and scaling temperature, respectively, L is the Monin-Obkhov length (L = Tlf;';lz ), kis the von Kérmén
constant (0.4), &, is assumed to be 0.5, and the Prandtl number Pr is set to 1. With three levels of observation
for u(z), the fit of equations (11) and (10) to each profile is determined without iteration but otherwise our

analysis followed Sicart et al. [2014].

_u z+d z+d
u2) = p <In % + ay . ) (10)
T* z+d z+d
T -T,=— <Prln +a ) (mn
Sk Zor ML

The validity of this approach depends in part on stability of the surface boundary layer [e.g., Zilitinkevich et al.,
2008], and we only analyze profiles for neutral conditions. To quantify stability, we first considered profiles
with u,,, > 1.5 m s~ and computed the bulk Richardson number [Moore, 1983; Brock et al., 2010] according
to equation (12), where g is the gravitational constant, T, and T, are the temperatures at height z and at the
surface z, (K), T, is the mean temperature of the air layer (K) and u is the wind speed (m s~'). The parameter z,
is equal to 0 in this case. Following Brock et al. [2010] we define near-neutral conditions as —0.03 < Ri, < 0.03.

Rib=9TZ_T5(z—z) (12)
Tou? :
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Figure 3. Microtopographic z; variability for Plot 5 depending on profile location and method, in (top) cross-glacier
and (bottom) down-glacier directions. Each data point corresponds to z, estimated from (a) a row or (b) a column
of the DEM.

However, the surface boundary layer at our study site rarely satisfies these standard stability criteria: from
483 total half-hourly measurements, only three were obtained with both u,,, > 1.5m s~ and |Ri,| < 0.03.

Thus, for this highly heterogeneous surface, derivation of z, with standard criteria has a low success rate.

We instead used three different criteria to indicate near-neutral conditions and compared the results to over-
come the lack of valid data points. We derived a median value for z, from all time steps with (a) u,,, > 1.5ms™"
(Uyy, criterion), (b) |Ri,| < 0.03 (Ri, criterion), and (c) cloud cover above 70% (cf criterion), which generally
supplies more data points. We define the cloud cover as in Juszak and Pellicciotti [2013] based on the frac-
tion between measured solar radiation at the nearby AWS and potential clear sky radiation for the time and
location computed based on Igbal [1983], and also require that u,,, > 0.5ms™".

Finally, we determined the sensitivity of surface roughness derived from wind and temperature data to sensor
accuracies following the approach described in Sicart et al. [2014, Appendix Al. Since the displacement height
dis an unknown but may be substantial on such rugged terrain, it was treated as an additional uncertainty in
the equation, and the sensitivity of the results to d was tested for each profile over the range of |d| < 0.1 m
atintervals of 0.002 m.

Table 3. Correlation Slope (b, Below Diagonal) and Strength (R2, Above Diagonal) Between Microtopographic Profile
Methods for All Plots®

b\\R? NieldEstd NieldHstd NieldHmean NieldHmax NieldSill Lettau Munro
NieldEstd \\ 0.53 0.65 0.67 0.93 0.59 0.62
NieldHstd 0.55 \\ 0.33 0.82 0.50 0.26 0.30
NieldHmean 0.65 0.60 \\ 0.55 0.60 0.82 0.13
NieldHmax 2.59 3.74 2.90 \\ 0.60 0.51 0.38
NieldSill 0.63 0.61 0.63 0.16 \\ 0.48 0.51
Lettau 248 2.15 3.62 0.73 3.39 \\ 0.27
Munro 2.02 1.84 1.15 0.50 2.79 0.41 \\

@p < 0.001 for all comparisons.
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Figure 4. Distribution of obstacle heights and widths determined for Plot 5, demonstrating isotropy for the debris
surface. Shown are obstacles determined using Lettau’s zero up-crossing method in the cross-glacier (n = 6045) and
down-glacier (n = 6240) directions, and the empirical cumulative distribution for each.

4. Results

4.1. Microtopographic Plot Transects

The transect-based algorithms produced very different values of z, when supplied with the same transect
data, consistently spread over an order of magnitude between algorithms (Figure 3). Two distinct groups of
values seem to recur across plots and directions: NieldHmayx, Lettau, and Munro all estimate z, ~ 0.007 m,
while NieldEstd, NieldHstd, NieldHmean, and NieldSill all produce estimates between 0.015 m and 0.025 m
for the 1 m? plots (Table 4). It should be noted that the plots exhibit the smoothest character of surface across
the glacier and should represent a lower bound for debris surfaces composed of cobbles and gravel.

However, every algorithm varied by at least 1 order of magnitude between transects of the same plot and
direction (Figure 3). The NieldHstd, NieldHmax, Lettau, and Munro algorithms are sensitive to slight changes
in the transect topography, resulting in rapid jumps and drops in z, and little autocorrelation. The NieldEstd
and NieldSill algorithms present smoothly varying and highly autocorrelated sets of z, estimates, while the
NieldHmean algorithm presents intermediate behavior.

Although they disagree in terms of the magnitude of z,, all the estimates vary in roughly the same manner
between transects in response to topographic changes (Figure 3). Directly comparing all estimates from the

Table 4. Mean z,, Estimate for Each Microtopographic Method in Cross-Glacier and Down-Glacier Profiles at Each Plot

NieldEstd NieldHstd NieldHmean NieldHmax NieldSill Lettau Munro

Cross Down Cross Down Cross Down Cross Down Cross Down Cross Down Cross Down
Plot 1 0.0165 0.0166 0.0139 0.0144 0.0175 0.0192 0.0045 0.0049 0.0200 0.0181 0.0048 0.0058 0.0056 0.0058
Plot 2 0.0214 0.0189 0.0190 0.0179 0.0234 0.0204 0.0059 0.0056 0.0274 0.0263 0.0060 0.0053 0.0064 0.0059
Plot 3 0.0165 0.0111 0.0188 0.0108 0.0153 0.0106 0.0056 0.0031 0.0181 0.0158 0.0039 0.0024 0.0060 0.0033
Plot 4 0.0169 0.0206 0.0159 0.0174 0.0202 0.0226 0.0053 0.0060 0.0193 0.0260 0.0062 0.0074 0.0059 0.0079
Plot 5 0.0223 0.0204 0.0218 0.0207 0.0192 0.0220 0.0062 0.0058 0.0309 0.0296 0.0051 0.0059 0.0085 0.0066
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Figure 5. Variability of z, for the AWS depression, showing (a) the study depression elevation and hillshade and z, grid-based estimates from (b) NieldEStd,
(c) NieldHStd, (d) NieldHmean, (e) NieldHmax, (f) Lettau, and (g) Munro methods, also showing (h) the subgrid standard deviation of elevation o,. Results are

for 6 m grids.
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five plots, all algorithms are strongly correlated to each other (Table 3), with p < 0.001 for all comparisons
and correlation R? values ranging from 0.13 (NieldHmean and Munro) to 0.93 (NieldEstd and NieldSill).

The plots exhibit isotropic elevation variability due to the very similar populations of obstacles determined for
each direction of analysis (Figure 4). The z, estimates determined in cross-glacier and down-glacier directions
are in very close agreement for each algorithm and plot (Table 4), and these directional values are very rarely
more than 20% different.

In spite of the strong variability between algorithms and transects, the plots show a fairly consistent pattern
of z, estimates for each algorithm and direction (Table 4). With few exceptions, Plots 2, 4, and 5 produced
higher values of z,, while lower z, values were estimated for Plots 1 and 3.

4.2. Microtopographic Grids for the AWS Depression
The values of z, estimated for the AWS DEM differed based on algorithm and grid size. As with the transect
results, the Munro and Lettau estimates of z, were an order of magnitude lower than those from the Nield

2, (m)

x(m) x(m) x(m)

Figure 6. Scale-dependent results for the AWS depression, showing results from the (a—e) NieldEstd and (f-j) Lettau algorithms at the 1 m (Figures 6a and 6f),
3 m (Figures 6b and 6g), 6 m (Figures 6¢ and 6h), 12 m (Figures 6d and 6i), and 18 m (Figures 6e and 6j) grid scales. Values tend toward the maximum value

within the zone at smaller scales.
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Figure 7. Scale dependence of microtopographic z, estimates for the AWS DEM, with median values of z

increasing by more than an order of magnitude over the scales analyzed, and results from the larger scale dominated by
high-roughness outliers from the smaller scales. Also plotted are the mean profile-based results for each algorithm

from the 1 m? plots, which correspond closely to the values from the 1 m gridded AWS DEM in spite of 50x resolution
difference.

empirical models (Figure 5). However, each algorithm produced a similar range of values (2 orders of
magnitude) and reproduced a common spatial pattern of high and low z, estimates. High values of z, (0.5 to
5 m, depending on the algorithm) correspond to high-relief areas composed of large boulders, while lower
estimates (0.005 to 0.05 m) are produced for more homogeneous cobbled areas. This spatial pattern is also
exhibited by the subgrid standard deviation of detrended elevations (c,), suggesting a direct link between
grain size, packing, and aerodynamic roughness length [Evatt et al., 2015].

[ AwS DEM
Microtopographic z0 [log10(m)]
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Figure 8. Spatial variability and scale dependence of microtopographic z, estimates for the Lirung DEM, showing

(a) NieldHstd and (b) Lettau results for the 6 m grid scale, as well as Lettau results for (c) 24 m and (d) 90 m grid scales.
(e) Inset shows the Lettau 6 m grid results for the AWS DEM area. All results are derived from the Lirung DEM with
0.25 m resolution. Displayed values are logqzg.

MILES ET AL.

DEBRIS-COVERED GLACIER Z,, VARIABILITY 8458



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026510

10 T T T T T T T T T
1 - 4
ale- fofololo
01 F lr' ‘ ]
°
N o001 f 4
8
©
3
0.001 -
2] —0.25m
0.0001 |- —,e .
s 1m
s 2m
5m resolution
1605 L. 1 1 1 1 1 1 1 1
6 12 18 24 30 45 60 90 120

patch size (m)

Figure 9. Scale and resolution dependence of microtopographic z, estimates for the Lirung DEM (shown for the Lettau
method). Increasing grid size results in increased estimates of z, regardless of resolution differences for all methods.
Coarser DEMs produce low z, estimates when the grid encompasses less than 100 pixels (10 x 10).

Unfortunately, all the models show a strong dependence of z, on the grid size analyzed. As the grid size is
enlarged, estimates tend toward the highest value within the subdomain at finer scales, but similar spatial
patterns are produced by each grid scale and algorithm (Figure 6, showing results for the NieldEstd and Let-
tau algorithms). This scale dependence is apparent for all algorithms in Figure 7a. The 1 m grids produce
values in close agreement with the study plots in spite of a very large resolution difference (0.001 m versus
0.05 m). However, the algorithms produce higher values for larger grids, although they have the same spatial

resolution (0.05 m).

4.3. Microtopographic Grids for the Whole Glacier

The values of z, estimated for the Lirung DEM at 0.25 m resolution again differed based on algorithm and grid
size. The Munro and Lettau estimates of z, were again an order of magnitude lower than the Nield estimates,
but the algorithms reproduced similar patterns of z,. As with the AWS depression, all the algorithms show
a strong dependence of z, on the grid size, with increasing z, estimates for any resolution (Figures 8 and 9,
showing results for the Lettau algorithm). Differences in grid resolution, however, have a limited effect on
microtopographic z, (Figure 9). For any grid size, DEM resolutions that result in ~10 X 10 pixels or more
produce very similar results, while undersampling is problematic for relatively coarser grids (Figure 9).
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Figure 10. (a1) Diurnal cycle of wind speed, (a2) temperature, and (a3) the Richardson number for the study period

(11 days). The black dotted lines mark the absolute value of 0.03 for Riy,, a threshold used by [Brock et al., 2010] for
near-neutral conditions. Aerodynamic z, derived at the tower for different criteria and microtopographic z, derived
from the DEM with different methods in an area of 18 x 18 m around the wind tower (12 x 12 m for the 12 m resolution
DEM). The grey area marks the range of possible uncertainty of the overall zy results from tower data.
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Table 5. Median Values and Standard Deviations for z, Based On Different Stability
Criteria, Indicating the Number of Profiles Satisfying Each Criterion (n)?

Criterion (n) Median zy (m) o (m) Range z; (m) Sensitivity to d (m/m)
Uy (42) 0.03 0.01 0.01-0.14 0.28
Rip, (8) 0.05 0.03 0.02-0.13 0.21
cf (63) 0.05 0.06 0.02-0.13 0.30

aAlso shown are the uncertainty range considering sensor uncertainties (Range zy),
and the sensitivity of z, to displacement height d.

4.4. Wind Tower z, Inversion

The u,,, criterion is only met when wind is blowing down-glacier along smoother surfaces (unobstructed
by large hummocks) below and above the towers. Wind measurements carried out with individual sensors
at different locations of the debris surface and measurements from 2 AWS locations confirm that such low
mean wind speeds are common for the entire debris-covered area, but with considerable differences between
depressions and debris mounds during the day (not shown). From 483 total half-hourly observation sets, only
42 satisfy u,,, > 1.5 m s~ and provide a median value for z, of 0.03 m with a standard deviation of 0.01
(Figure 10). Only eight observation sets satisfy the Ri, criterion, resulting in a median z, of 0.05 m and a stan-
dard deviation of 0.03 m. Sixty-three observation sets met the cf criterion, resulting in z, of 0.05 m with a
larger standard deviation of 0.06.

Considering uncertainties in all wind sensors, the value for z, lies between 0.01 m and 0.14 m (Table 5). This
range is similar to the findings of Sicart et al. [2014] for clean ice on a logarithmic scale, but with larger absolute
values. Additionally, the unknown displacement height could result in a further change of z, by up to +0.03 m,
assuming a possible displacement height of +0.1 m for the location of the tower (Table 5).

Considering the few wind profiles with u,,, > 1.5 ms™" and |Ri,| < 0.03, we can derive only three valid values
for z, (0.015, 0.005, and 0.001), which on average is in accordance with earlier measurements and theory
[Andreas, 1987; King and Anderson, 1994; Calanca, 2001], but the data are insufficient to make a definite
statement on an actual value of z, over debris.

5. Discussion

5.1. Scales of Surface Roughness and the Roughness Sublayer

All of the microtopographic algorithms exhibit a sensitivity to profile length (Figure 6). Lettau’s algorithm was
intended to be independent of length [Lettau, 1969] but increases with increasing grid size (Figure 8). Munro
[1989] analyzed 20 m x 20 m grids posted at 0.5 m and 1 m spacing, and Brock et al. [2006] found that the z,
estimated by the Munro algorithm was independent of scale for profiles of 3 to 15 m. However, the Munro
algorithm was specifically intended to emulate the Lettau results, which it accomplishes for our study site at
all scales, and thus it shows the same scale dependence, including those for the 3 to 15 m profile lengths.

Rounce et al. [2015] found that Munro underestimates z, for small plots of 1 m? or 4 m2, and our results agree
with that finding, in spite of uncertainty with the wind tower data. This could be, in part, because plots were
smaller in scale than is suitable for the method, although reasonable values were found by Irvine-Fynn et al.
[2014] for small grids. Smeets et al. [1999] suggest that such a consistent difference could be explained by the
fact that the original formula by Lettau [1969] was derived for cubes in a wind tunnel, which have a larger
silhouette area than more streamlined objects such as boulders or ice surfaces. More importantly, the very
small plots may not include a large enough obstacle population to represent the glacier surface.

Scale dependence is inherent within the algorithms: the Lettau and Munro algorithms explicitly include tran-
sectlength X as aterm, and the metrics on which the Nield empirical approaches are based (6, H,;, Hyyeans H,
also increase with length. This is, in part, because linear detrending (planar fit) does a poorer job removing
large undulations as length increases. Thus, as length increases, so do o,, H;, Hyeans Hmax- This problem could
be reduced by application of more sophisticated detrending methods (e.g., polynomial, spline, or median
filter), but requires evaluation of the physically meaningful partition scale for near-surface meteorology
[Smith, 2014].

max)
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To circumvent the scale issue, Rees and Arnold [2006] recommended elevation transects <0.1 m in length
at millimeter sampling intervals or a few meters in length at centimeter intervals, matching the scale-
independent range identified by Brock et al. [2006]. The 6—18 m grids for the AWS depression meet this latter
profile recommendation, and at these scale the Lettau and Munro algorithms produce estimates generally in
line with the literature (Table 1), with quartile values of 0.008 m to 0.08 m, and in general agreement with the
range of values determined at the plots and for the tower.

For Lirung Glacier, the standard deviation of detrended elevations increases with range up to at least 120 m.
This pattern could eventually stabilize with a larger grid size (several hundred meters) encompassing many
such depressions to describe a characteristic topographic roughness for this type of surface. However, while
large ridges (~20 m) with an interridge spacing of ~200 m may be crucial for atmospheric shear across a heav-
ily downwasted debris-covered glacier, the semilogarithmic wind profile of Monin-Obukhov similarity theory
occasionally holds true even within the depression. This suggests that the large-scale characteristic rough-
ness is greater in extent than is important for surface energy balance considerations within the depression,
and that the physically meaningful topographic partition scale for this type of roughness is within the range
of scales investigated.

This closely fits the dense-obstacle theory of [Brutsaert, 1992] as applied to a very rough glacier surface by
Smeets and van den Broeke [2008a], whereby the large hummocks dominate the overall drag of the surface to
drive development of a semilogarithmic inertial sublayer. Beneath this lies an intermediate roughness sub-
layer (RSL), which is very heterogeneous, and underlain by a viscous sublayer. Importantly, the surface transfer
of energy within the underlying viscous sublayer is driven by microscale roughness elements rather than
those at the larger scale. We have higher confidence in extraction of these obstacles from the smaller grids,
as the linear detrending removes sufficient background variability. At the 3 and 6 m scales, the z; estimates
generally fit the values derived from the wind tower (0.03-0.05 m), and are higher than most reported values
(Table 1). Accordingly, results from the Nield algorithms suggest that z, varies across Lirung Glacier between
~0.005 m (smooth cobbles) and ~0.5 m (large boulders).

5.2. Evaluation of Microtopographic z, Algorithms and Comparison to Aerodynamic Estimate

In spite of the differences between the mechanistic (Lettau, Munro) and empirical (Nield) algorithms, nearly
all algorithms correlated to one another for a given transect length and sampling interval (Table 3), reproduc-
ing similar spatial patterns across the study area (Figure 5). This gives strong confidence that each approach
provides some proxy of roughness, although the spread of values reduces confidence in the estimates’
magnitude.

Lettau and Munro results are in close agreement with each other, but are typically one fourth or less of the
Nield empirical model values for the plots and for the grids, regardless of scale of analysis. Although these
methods have been used and validated for clean ice glacier surfaces (Table 1), values in prior studies have
generally been less than 0.005 m. Prior microtopographic investigations of debris-covered surfaces have also
suggested that the Munro method produces values of z, lower than expected relative to aerodynamic values
[Rounce et al., 2015], although this could be partly due to the scale analyzed. Nield et al. [2013b] established
empirical relationships for a range of surface types (z, from 8 x 10~ m to ~0.04 m), and the results from
our tower location (~0.01-0.14 m) is in the same range, giving some confidence of the magnitude of values
produced by these algorithms.

It is encouraging that with each of the three stability criteria (u,,,, Riy,, and cf), we reach similar median val-
ues for z, between 0.03 and 0.05 m. While these values are larger than those found by Brock et al. [2010] at
Miage Glacier (0.016 m), the hummocky topography of Lirung Glacier would suggest a higher value of z,.
However, taking uncertainties of sensors, unknown displacement height, and potentially strong local varia-
tions of surface temperature into account, these values should not be considered definite results. Rather, the
measurements from the tower support an order-of-magnitude range: z, ~ 0.01-0.1 m. Longer micromete-
orological data sets for multiple sites would be necessary to confirm the validity of the underlying similarity
theory used to derive these results and constrain the margin of uncertainty. Certainly, tower location selection
isimportant: at our site, finding a location on glacier with a consistent fetch longer than 50 m in the dominant
wind direction was not possible. The chosen location is instead representative of the very hummocky terrain
of debris-covered glaciers in the catchment, but proved a challenge for determination of z, from 2 m wind
and temperature profiles.
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To compare the z; estimates obtained from meteorological and microtopographic methods, we collected the
values derived by the microtopographic approach for the different resolutions at the tower location in the
18 X 18 m area surrounding the tower (12 x 12 m for the 12 m grid) (Figure 10). This zone may not correspond
directly to the footprint that leads to the measured aerodynamic roughness at the tower (this may be a much
longer fetch in line with the dominant wind) but gives an indication as to which combinations of method
and grid size are of a comparable magnitude to the tower results. Estimates of microtopographic roughness
at the location of the AWS agree with the value derived from tower data (0.01-0.1 m) for the Nield algo-
rithms at grid sizes <3 m (Figure 10). For reasons discussed above, z, values increase with scale, and at grid
scales 12-18 mit is the Lettau and Munro methods that provide values in closer agreement with atmospheric
data, although they may do so for the wrong reasons (i.e., their estimates are not based on the microscale
roughness elements).

With lower confidence in the magnitude of the Lettau and Munro algorithms for debris-covered glaciers
[Rounce et al., 2015], and lacking a mechanistic microtopographic model for z, that has been extensively
validated at a wide range of scales, it is noteworthy that estimates of z, correlate to more direct mea-
sures of elevation variability [Nield et al., 2013b]. For example, high-resolution maps of ¢, within a window
(e.g., Figure 6j or Rippin et al. [2015]) may be considered a good proxy for z, variability, as it is easy to measure.
To make use of ¢, in estimating z,, a DEM is needed at high enough resolution to resolve the small height dif-
ferences controlling energy transfer in the viscous sublayer for very hummocky topography [Smeets and van
den Broeke, 2008a], and it is clearly necessary to define the topographic partition scale in order to analyze the
microtopographic variations.

In spite of the challenges, these results are encouraging for future studies as measuring aerodynamic rough-
ness lengths for debris-covered glaciers facies is very difficult. Thick debris cover heats up considerably during
the day, causing the near-surface temperature profile to invert [Brock et al., 2010; Steiner and Pellicciotti, 2016].
The surface on such glaciers can be very hummocky and does not allow for long fetches of uniform topogra-
phy, a normal requirement for this type of analysis (usually 50 m or more). For Lirung Glacier, very little of the
study basin would actually meet this observational requirement. Consequently, a measurement bias toward
“smoother” and more uniform surface due to the requirement of a large homogeneous fetch [Wiernga, 1993]
is probable for the few studies using aerodynamic inversion to measure z, for these surfaces (Table 1).

5.3. Variability of z, for a Debris-Covered Glacier

The results of this study indicate that z, is a highly variable surface characteristic for debris-covered glaciers.
While distinct values of z, were produced by different algorithms and for different grid sizes, the underlying
spatial variations in roughness estimates are common across algorithms and grid sizes. The z, varies by at
least 2 orders of magnitude across the AWS DEM and 3 orders of magnitude across the Lirung DEM. At the
plot scale, the algorithms are strongly correlated (Table 3), although they differ in magnitude and sensitivity
to precise transect location (Figure 3). Even at this very fine scale, results from any algorithm span an order
of magnitude. Part of the spatial variability may be attributed to differences in microtopographic algorithms
and their sensitivity to DEM detrending and transect length. The consistent 4x difference between the mech-
anistic (Lettau/Munro) and empirical (Nield) algorithms increases uncertainty in z,, but the two families of
algorithms reproduce the same spatial variations within plots and across the entire study area.

Spatial variations in aerodynamic roughness length are common for clean ice glaciers between surface facies
[Brock et al., 2006; Smeets and van den Broeke, 2008b; Rippin et al., 2015]. For a debris-covered glacier, spatial
variability of z, is linked to grain size and packing [Evatt et al., 2015]. This is implicit in the mechanistic and
empirical z, algorithms, and our analysis indeed produces the highest values of roughness near large boulders
and heterogeneous surfaces (~0.5 m). Conversely, lower values of z, (~0.01 m) occur for homogeneous zones
of cobbles in the area of the AWS.

It is important to note that z, is also not constant in time for glacier surfaces [Smeets et al., 1999; Smeets
and van den Broeke, 2008b; Nield et al., 2013a], for example, varying seasonally due to snow metamorphism.
Although this mechanism is less important for debris-covered glaciers during the ablation season, temporal
variations in z, may occur due to episodic snowfall or debris remobilization and sorting. Additionally, our aero-
dynamic inversion results vary diurnally by 1 order of magnitude, as estimated z, depends on wind speed,
which determines the surface viscous layer development.
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5.4. Implications for Energy-Balance Modeling

Values of z, used by surface energy balance modeling studies for debris-covered glaciers are very limited in
range, with most values fixed spatially and falling in the range 0.01 to 0.016 m (Table 2). These values may
be characteristic for some debris-covered glacier surfaces, but such glaciers vary greatly in surface compo-
sition [Janke et al., 2015]. Many exhibit high-relief surface depressions similar to our study site [lwata et al.,
1980; Thompson et al., 2016], and it is probable that literature values are biased to smaller values of z, due to
observational requirements. It is also clear that a single fixed value is a poor representation for sites exhibiting
variable grain sizes [Inoue and Yoshida, 1980; Rounce et al., 2015].

Determining representative z, values for surfaces of differing character is important, because uncertainties
and spatial variations in z, may be extremely important for model error in melt calculations [Fausto et al.,
2016]. Rounce et al. [2015] found a moderate sensitivity of the net surface energy balance to z, parameter
choice and found higher model sensitivities to z, for thicker debris. Modeling debris thickness with an inver-
sion of the energy balance, Foster et al. [2012] find the results to be very sensitive to z,. Based on the values
obtained across the AWS DEM, we suggest that surface energy balance models test sensitivity to a broad
range of values, as z, can vary from 0.005 to 0.5 m across the range of surface conditions encountered at a
heterogeneous debris surface (values from 6 m grid scale). Studies of individual sites, however, may be able
to narrow the range simply by taking into account the surface composition, such as gravel (z, < 0.01 m),
cobbles (~0.01-0.05 m), or boulders (=0.05 m), and smooth (50.02 m) or hummocky (=0.05 m) character.

It is clear that a single value of z, poorly represents the surface conditions of a hummocky debris-covered
glacier. Considering the high spatial variability of turbulent fluxes across glacier surfaces [Sauter and Galos,
2016], aerodynamic roughness length variations may certainly play a strong role in determining the net
surface energy balance, but this is yet to be determined.

Constraining turbulent energy transfer fora hummocky debris-covered glacier is extremely difficult for even a
single location. In addition to the heat-regulating effect of the debris surface [Evatt et al., 2015], the hummocky
character of heavily downwasted debris-covered glaciers greatly complicates application of Monin-Obukhov
theory. Rather, the large hummocks and hollows interact to produce an unstable and heterogeneous rough-
ness layer [Shao and Yang, 2008], while turbulent energy transfer to the surface may be constrained by the
underlying viscous sublayer controlled by roughness elements at the microtopographic scale [Smeets and van
den Broeke, 2008a]. Thus, for this type of surface, aerodynamic inversion of wind tower data has a low success
rate, as the sensors generally occupy the unstable roughness layer.

6. Conclusions

This study used SfM surveys at plot (1 m?), local (21,300 m?), and glacier (550,000 m?) scales to create
high-resolution DEMs (1 mm, 0.05 m, and 0.25 m, respectively) for a hummocky debris-covered glacier, and
applied a variety of microtopographic methods to estimate z, and compared the results to values obtained by
aerodynamic inversion of wind tower data. We find that z, is highly variable across the debris-covered surface,
varying by 2 orders of magnitude within the study area.

At the plot scale, we find that algorithms are sensitive to small profile differences. Within a single small plot
(1 m?,0.001 m resolution), each algorithm produced estimates varying by at least a factor of 10, although vari-
ability at this scale is probably not meaningful for turbulent energy transfer. Estimates of z, from cross-glacier
and down-glacier profiles are similar for any algorithm, unlike anisotropic bare-ice surfaces. Results from the
mechanistic and empirical microtopographic algorithms are strongly correlated to one another, but differ
greatly in magnitude. A gridded method aggregating all possible transects is more representative, as z, is
isotropic for the debris surface.

For the AWS depression, the gridded empirical methods (NieldEstd, NieldHstd, NieldHmean, and NieldHmax)
closely matched the plot-derived and aerodynamically derived values if a grid size of 1 m or 3 m was used
(0.05 m resolution), while the mechanistic methods (Lettau, Munro) produced estimates of the correct mag-
nitude for a grid size of 12-18 m. However, microtopographic methods of z, estimation all have a strong
dependence on scale of analysis, increasing continuously as the transect length increased. Thus, the topo-
graphic partition scale for z, presents a challenge for distributed estimation of z,, and is a priority for future
research. Although algorithms disagree in magnitude, we suggest a range of z, encompassing 0.005 to
0.5 m to represent the surface conditions encountered at a heterogeneous debris surface. Energy-balance
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modeling efforts, however, may be able to narrow the range by considering the surface composition, such
as gravel (z, < 0.01 m), cobbles (~0.01-0.05 m), or boulders (=0.05 m), and smooth (£0.02 m) hummocky
(20.05 m) character. It is clear, though, that z, is highly variable across the glacier surface, regardless of the
partition scale chosen.

At our study site, z, determined from wind tower observations ranges between 0.01 and 0.1 m, with median
values ranging between 0.03 and 0.05 m for different stability criteria representing near-neutral conditions.
The larger range of uncertainty is due to sensor accuracy as well as the unknown displacement height, which
may be substantial. These are generally higher values than have been observed for debris-covered glaciers
or than has been tested in energy balance models. Our study site may exhibit higher-relief than other mea-
surement locations, but is fairly typical for a downwasting heavily debris-covered glacier. Site selection is
important for use of aerodynamic inversion methods (leading to fewer successful measurements of z, at our
site), but may bias similar studies to low-roughness locations.

It can be questioned whether this aerodynamic approach, using similarity theory, is suitable to determine
z, for such complex topography. Liang et al. [2014] show that the Monin-Obukhov similarity theory may not
be valid when u,,, <1 m s~ for Ri, <0.3, and u,,, < 1.5 m s~ for Ri, >0.3 (Regime 3). The longer record of
measurements at our AWS indicate that conditions are often close to these thresholds. As a dominant behavior
for this type of surface, it is important to understand near-surface dynamics in this regime. Alternative means
to determine surface roughness at the point scale would be to measure turbulent fluxes directly with an eddy
covariance system or invert an energy balance and derive z, as a residual. The latter approach needs to first
ensure that other inherent uncertainties in the energy balance can be reduced relative to uncertainty in the
value of z; itself.

In light of the difference between empirical and mechanistic z, estimates, and the difficulty in measuring
the aerodynamic roughness length from meteorological data (for high-relief hummocky terrain such as the
study site), we suggest that studies maintain a clear distinction between microtopographic and aerodynamic
roughness. Mechanistic microtopographic models [e.g., Lettau, 1969; Counihan, 1971; Munro, 1989] measure
topographic roughness and attempt to link this property to the aerodynamic roughness length [Smith, 2014],
but still require validation across a wider range of surface types. While such models are thoroughly estab-
lished for many glacier surfaces [Brock et al., 2006; Smith et al., 2015a] and may be accurate for smoother
debris surfaces as well [Quincey et al., 2017], validation data for hummocky topography is difficult to assemble.
Thus, while a mechanistic model of z, based on surface drag is appealing, empirical parameterizations of z,
[Nield et al., 2013b] may still be more reliable models to relate the two types of roughness. In either case, a
high-resolution (few centimeters) DEM is needed to assess the variability of z, across the glacier surface.

Our results highlight the following opportunities for future study. First, considering the range of values
encountered across the study site, surface energy balance model optimization for debris-covered glaciers
should consider a range of 0.005 to 0.5 m to account for the surface types commonly found on debris-covered
glaciers. This range can be narrowed based on the grain size distribution and relief of a given study site, but
order-of-magnitude variability occurs for any algorithm, and these results have high uncertainty due to their
scale dependence. Such differences in z, can have strong implications for glacier melt [Fausto et al., 2016;
Sauter and Galos, 2016].

Second, novel research is needed to characterize z, for hummocky terrain in order to understand the trans-
fer of energy between the semilogarithmic, roughness, and viscous sublayers [Smeets and van den Broeke,
2008a]. To accomplish this would require distributed measurements of wind combined with high-resolution
topographic observation and modeling (a LES) [e.g., Sauter and Galos, 2016]. A key output would be deter-
mination of the physically meaningful topographic partition scale for turbulent fluxes [Smith, 2014], which
would represent a significant advance in understanding boundary layers generally, and especially for these
highly heterogeneous landscapes.
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