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Abstract. A lack of observations of turbulent fluxes over continental glaciers limits our 12 

understanding of the mechanisms that control glacier variations and associated water resource 13 

changes across the Tibetan Plateau (TP). Here, we present the first comprehensive analysis of turbulent 14 

flux characteristics and a systematic evaluation of turbulent flux methods for a continental glacier on the 15 

TP, using eddy covariance observations from the Dunde Glacier (May–October, 2023). The Dunde 16 

Glacier persistently lost energy through latent heat flux (mean LE: −10.34 W m⁻²) and gained energy via 17 

sensible heat flux (mean H: 6.93 W m⁻²), with pronounced seasonal and daily variability. On the basis of 18 

these measured data, we tested five turbulent flux methods for the Dunde Glacier, including those derived 19 

from katabatic flow models, simplified Monin–Obukhov similarity theory without stability corrections, 20 

Monin–Obukhov similarity theory with stability corrections using two different bulk Richardson 21 

numbers, and the Monin–Obukhov similarity theory with universal stability functions, with different 22 

roughness length parameterizations applied. All schemes showed generally good performance. Among 23 

them, the method employing Richardson-number (Rib) stability correction exhibited comparatively better 24 

performance in simulating both H and LE across multiple timescales. We further assessed the 25 

performance of these parameterizations within energy and mass balance modeling. The results indicate 26 

that recalibrated turbulent flux parameterizations effectively improve the accuracy of modeled glacier 27 

energy and mass balance, and that the approach employing Richardson-number stability correction 28 

together with universal stability functions achieved relatively high accuracy in glacier mass balance 29 

simulations. Our analysis also reveals a clear glacier type dependence in aerodynamic roughness length, 30 
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with continental glaciers exhibiting a broader and generally lower roughness length distribution 31 

compared with maritime glaciers. We also found that during the humid heatwave event, the Dunde 32 

Glacier experienced a sharp increase in H, while the magnitude of LE decreased and occasionally even 33 

reversed direction, leading to a transition from the commonly observed negative total turbulent heat flux 34 

under mean climatic conditions to positive values during the extreme event. However, none of the 35 

existing schemes fully captured the LE values observed during the extreme event, indicating that there 36 

is currently an underestimation of the contribution of turbulent fluxes to glacier melt energy. These 37 

findings advance our knowledge of turbulent fluxes for continental glaciers on the TP and provide 38 

important guidance for the improvement of glacier models.39 
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1 Introduction 40 

Turbulent fluxes, including latent heat flux (LE) and sensible heat flux (H), are critical components 41 

of the surface energy balance (SEB) of glaciers and markedly influence glacier mass-loss processes. 42 

Research on the Tibetan Plateau (TP) shows that turbulent fluxes contribute approximately 14%–35% of 43 

the glacial energy budget (Li et al., 2011; Mandal et al., 2022; Zhang et al., 2013; Zhu et al., 2017), 44 

serving as the primary energy source sustaining sublimation-driven mass loss, particularly during the 45 

cold season (October‒May) (Azam et al., 2014a; Potocki et al., 2022). In addition, turbulent fluxes are 46 

one of the primary energy sources driving extreme glacier loss events (Thibert et al., 2018). Such events 47 

enhance the provision of water resources to downstream regions (Gao et al., 2019; Yao et al., 2022), 48 

altering hydrological processes therein (Radić and Hock, 2011; Zhu et al., 2024); they may also be linked 49 

to glacier-related disasters, such as glacier avalanches (Zhao et al., 2022). Under ongoing global warming, 50 

the frequency and intensity of extreme weather events are projected to increase, which may lead to severe 51 

future glacier mass loss due to multiple contributing factors, such as enhanced turbulent fluxes and 52 

increased incoming longwave radiation (Duan et al., 2012; Yao et al., 2012; Brun et al., 2018; Hugonnet 53 

et al., 2021). Therefore, a comprehensive understanding of the magnitude and variability of turbulent 54 

fluxes is essential to accurately quantify glacier SEB and project future glacier mass balance changes. 55 

Currently, glacier turbulent fluxes are derived through two main approaches: direct measurements 56 

using the eddy covariance (EC) method and model-based estimates using numerical models. Turbulent 57 

flux observations over glaciers on the TP remain scarce, primarily owing to the difficulty of obtaining 58 

sustained measurements on glacier surfaces (Box and Steffen, 2001; Cullen et al., 2007; Kuipers 59 

Munneke et al., 2009). Notably, Yang et al. (2011) carried out observations over a 3-month period on 60 

the Parlung No. 4 Glacier, a maritime glacier on the southeastern TP characterized by high air 61 

temperatures and precipitation. They reported that during summer, the observed average H reached 28 62 

W m⁻², whereas LE remained relatively low at −1 W m⁻². However, to date, there have been no reported 63 

observations of turbulent fluxes over continental glaciers on the TP characterized by low temperatures 64 

and precipitation, one of the most widely distributed glacier types on the TP. This data gap has resulted 65 

in an inadequate understanding of the relative contributions of individual energy balance components to 66 
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the overall surface energy budget of TP glaciers, which, in turn, is crucial for understanding the weather 67 

patterns controlling glacier variations across the TP. 68 

Owing to the scarcity of observational data, numerical modeling is the primary method by which 69 

glacier turbulent fluxes have been estimated on the TP (Yang et al., 2011; Mölg et al., 2012; Zhu et al., 70 

2018). Current turbulent flux modeling approaches predominantly rely on Monin–Obukhov similarity 71 

theory (MOST) (Monin and Obukhov, 1954), which has been widely applied for parameterizing near-72 

surface turbulent fluxes. However, its performance over glaciers remains uncertain (Lord-May and Radić, 73 

2024), particularly under strongly stable stratification and katabatic flow conditions, where the 74 

fundamental assumption of vertically constant turbulent fluxes is frequently violated (Grisogono et al., 75 

2007). In addition to sophisticated turbulent flux models that strictly implement MOST (Yang et al., 2002; 76 

Hock and Holmgren, 2005), various simplified turbulent flux parameterizations have been developed to 77 

derive LE and H. To improve computational efficiency, Oerlemans (2000) applied a highly simplified 78 

bulk formulation to estimate near-surface turbulent fluxes, assuming logarithmic vertical profiles of wind 79 

speed, temperature, and humidity to be valid under prevailing stable conditions, without explicitly 80 

accounting for stability-dependent flux modifications. Essery and Etchevers (2004) and Suter et al. (2004) 81 

implemented stability correction functions based on the bulk Richardson number (Rib) to modify 82 

turbulent flux estimates within bulk aerodynamic methods. Oerlemans and Grisogono (2002) developed 83 

a turbulent flux model adapted to local glacier climatic conditions, which considers the influence of 84 

glacier wind on turbulent fluxes. As a result, turbulent flux estimates for the same glacier can differ 85 

substantially depending on the choice of turbulent flux parameterization (Radić et al., 2017). Previous 86 

studies on the Zhadang Glacier clearly demonstrate this model-dependent variability, showing that the 87 

estimated multi-year mean turbulent heat fluxes for both winter and summer differ substantially when 88 

different modeling approaches are applied. Zhang et al. (2016) employed a highly simplified Monin–89 

Obukhov–based bulk approach with constant exchange coefficients driven by near-surface wind speed 90 

and derived multi-year mean turbulent heat fluxes of 13.4 W m⁻² in winter and 5.7 W m⁻² in summer for 91 

the period 2011–2014. In contrast, Huintjes et al. (2015) adopted a bulk method in which atmospheric 92 

stability is represented by the bulk Richardson number, yielding multi-year mean turbulent heat fluxes 93 

of 8.0 W m⁻² in winter and −28 W m⁻² in summer during 2001–2011. Such differences may partly arise 94 

from variations in the study periods; However, a more important factor is the limited availability of 95 

observational data for calibrating turbulent flux parameterizations, as well as differences among the 96 
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turbulent flux models themselves. Consequently, evaluations of the accuracy of different turbulent flux 97 

parameterizations over the TP remain limited, are largely confined to short time scales, and are 98 

constrained by the scarcity of EC observations. Moreover, comprehensive assessments of turbulent-flux 99 

schemes specifically for continental glaciers are still lacking. Guo et al. (2011) evaluated three turbulent 100 

flux parameterizations for the Parlung No.4 Glacier (maritime glacier) and found that the scheme 101 

proposed by Yang et al. (2002) produced lower errors in turbulent flux estimates during both individual 102 

melt phases and the entire ablation season. Compared with the other two schemes evaluated (Andreas, 103 

1987; Smeets and van den Broeke, 2008), the mean absolute deviation (MAD) was reduced by 104 

approximately 12–29%. Liu et al. (2024) employed eddy-covariance measurements to validate a one-105 

camera time-lapse structure-from-motion (O-T-SfM) photogrammetry approach for monitoring snow 106 

sublimation on the August-one ice cap. The results indicate that, under snow-free conditions, glacier 107 

surface sublimation rates estimated using the O-T-SfM method were in good agreement with EC 108 

measurements. Both methods successfully captured daily snow sublimation during the winter season. 109 

However, to date, no comprehensive analysis has been conducted specifically for continental glaciers. 110 

Previous assessments focusing on maritime glaciers on the TP cannot be directly applied to the widely 111 

distributed continental glaciers due to fundamental differences in glacier characteristics. Continental 112 

glaciers therefore require observation-based evidence that is more directly applicable to their climatic 113 

and surface conditions (Zhu et al., 2023). 114 

Here we provide the first systematic analysis of meteorological and glacier mass balance 115 

observations and direct eddy-covariance-based turbulent flux measurements at the Dunde Glacier in the 116 

Qilian Mountains, the northeastern TP, to evaluate the applicability of multiple widely used turbulent 117 

flux methods over continental glaciers on the TP. We systematically analyze observed and modeled 118 

turbulent fluxes across multiple temporal scales, including daily mean, daily, and notably under extreme 119 

weather conditions, to test the performance of the turbulent flux models. Finally, we assess the influence 120 

of the various turbulent flux parameterizations on the simulated glacier mass balance by implementing 121 

the parameterizations in the energy and mass balance model. The findings allow us to improve the 122 

accuracy of glacier surface energy and mass balance modeling and to advance our understanding of 123 

ablation processes on continental glaciers on the TP. 124 

2 Study Area and Data 125 
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2.1. Measurement site 126 

The Dunde Glacier is located in the western part of the Qilian Mountains, on the Northeastern TP. 127 

It is a typical continental glacier, with an elevation ranging from 4400 to 5500 m (Guo et al., 2015). The 128 

ice cap covers an area of approximately 60 km², with an average annual elevation change rate of −0.501 129 

± 0.08 m yr⁻¹ (Hugonnet et al., 2021). The region experiences pronounced annual and daily temperature 130 

variations, with a mean annual temperature of approximately −5 °C and annual precipitation ranging 131 

from 300 to 400 mm. Meltwater from the glacier primarily feeds into the Tataleng and Haerteng rivers, 132 

which provide an important water source to their respective drainage basins. The observation site was 133 

situated on the surface of the Dunde Glacier (38°06′23″ N, 96°24′54″ E) at an elevation of 5,317 m a.s.l., 134 

as shown in Fig. 1, and served as the primary observation site for this study. 135 

 136 
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 137 
Figure 1: (a) Locations of the Dunde Glacier (blue hexagon) and selected reference glaciers (purple triangles) 138 
on the Tibetan Plateau. (b) Topographic map of the Dunde Glacier (40 m contour intervals) and locations of 139 
AWS1 and AWS2 (red and black stars, respectively). (c‒d) Photographs of AWS2, equipped with an eddy 140 
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covariance (EC) system; the three-dimensional sonic anemometer was oriented toward the downwind 141 
direction of the prevailing westerlies (i.e., facing east), such that the sonic measurement volume was exposed 142 
to undisturbed incoming flow and flow distortion from the instrument and mounting structure was minimized 143 
(Photo credit: Meilin Zhu). 144 

 145 

2.2. Meteorological data 146 

Meteorological variables, including air temperature, air pressure, relative humidity, wind speed and 147 

direction, incoming and outgoing shortwave radiation, incoming and outgoing longwave radiation, and 148 

glacier surface height, were primarily measured at the study site using a Campbell-ClimaVUE50 149 

automatic weather station (AWS1) located at 5,317 m a.s.l. To ensure temporal continuity, occasional 150 

data gaps in these variables were filled using linear interpolation based on observations from a nearby 151 

auxiliary station (AWS2). The glacier surface temperature used in this study was derived from the 152 

observed outgoing longwave radiation, assuming a constant surface emissivity of 0.98. Details of the 153 

sensors used to measure each variable are provided in Table 1. 154 

Precipitation was treated separately from other meteorological variables due to the lack of 155 

continuous in situ measurements at AWS1. Precipitation at 4,970 m a.s.l. was reconstructed using ERA5 156 

reanalysis data following a two-step procedure. First, precipitation amounts were corrected for gauge 157 

under-catch as a function of air temperature and wind speed during precipitation events, following Ma et 158 

al. (2019). Second, a constant scaling factor of 1.16 was applied to the daily precipitation totals. To 159 

suppress unrealistically small precipitation signals, daily precipitation was set to 0 when ERA5 160 

precipitation in the corresponding grid cell was lower than 0.45 mm, consistent with the criteria adopted 161 

in previous studies (Yang et al., 2013). After reconstructing the precipitation at 4970 m a.s.l., precipitation 162 

at 5317 m a.s.l. was estimated by extrapolating the reconstructed precipitation using three constant 163 

precipitation gradients (ΔP1, ΔP2, and ΔP3), following Zhu et al. (2022).  164 

 165 

Table 1: Characteristics of the sensors installed in the eddy covariance system to measure turbulent fluxes 166 
and meteorological variables in this study. 167 

Variable 
Symbol 
(unit) 

Sensor Accuracy Range Height 

Air temperature Ta (℃) Vaisala HMP155A 
20 to 60 °C: ± (0.055 + 

0.0057×Ta) ℃ 
−80 to 20 °C: ± (0.226 

−80 to 60 ℃ 2.17 m 
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− 0.0028×Ta) °C 

Relative humidity RH (%) Vaisala HMP155A ± 2% 0%‒100% 2.17 m 

Wind speed u (m s−1) Young05103 ± 1.5% 0‒100 m s−1 2.05 m 

Wind direction WD (°) Young05103 ± 2º 360 º 2.05 m 

Air pressure P (Pa) Vaisala PTB210 ± 0.5 hPa 50‒1100 hPa 2.05 m 

Incoming and outgoing 
longwave radiation 

LWI, LWO 
(W m−2) 

Campbell CNR4 ± 1% 
−250 to 250 W 

m−2 
1.60 m 

Incoming and outgoing 
shortwave radiation 

SWI, SWO 
(W m−2) 

Campbell CNR4 ± 1% 0‒2000 W m−2 1.60 m 

Three-dimensional 
wind components 

u′, v′, w′ 
(m s⁻¹) 

Sonic anemometer 
integrated in the 

Campbell IRGASON 
EC system 

±1 mm s⁻¹ (u′, v′) 
±0.5 mm s⁻¹ (w′) 

- 2.05 m 

Precipitation (mm) Geonor T-200B ± 0.1% Full Scale 0‒600 mm 1.70 m 

 168 

2.3. Eddy-Covariance systems 169 

Turbulent fluxes were measured using a Campbell IRGASON eddy covariance (EC) system during 170 

the period from 14 May to 12 October 2023. The EC method is a widely adopted micrometeorological 171 

technique that enables real-time, accurate, and continuous monitoring of atmospheric turbulence. All raw 172 

turbulence data were recorded at a frequency of 10 Hz, including the three-dimensional wind components, 173 

virtual temperature, and water vapor concentration. 174 

Turbulence data were processed using EddyPro software. A flux averaging interval of 30 min was 175 

applied during data processing. Prior to flux calculation, the raw high-frequency data were screened using 176 

the instrument-provided quality flags to identify and remove invalid or unreliable measurements. This 177 

quality-flag-based filtering was applied at the high-frequency level before covariance calculation, and no 178 

interpolation was performed for the removed samples. Turbulent fluctuations were subsequently defined 179 

using the detrending options implemented in EddyPro. Time lags between wind components and scalar 180 

quantities were compensated using covariance maximization based on circular correlation techniques, 181 

which is recommended for open-path EC configurations (Moncrieff et al., 1997, 2005). Coordinate 182 

rotation was applied using the double-rotation method to correct for sensor tilt and streamline distortion 183 
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(Kaimal and Kristensen, 1991). Flux correction was then applied to the calculated fluxes. Spectral 184 

corrections were first implemented to ensure that density corrections were based on environmentally 185 

representative fluxes. Density fluctuation effects were corrected using the Webb–Pearman–Leuning 186 

(WPL) formulation (Webb et al., 1980). The effects of humidity on sonic temperature and temperature-187 

related covariances were corrected following the approach of Schotanus et al., (1983). Spectral 188 

attenuation resulting from both low-frequency and high-frequency losses was addressed using spectral 189 

correction schemes based on analytical transfer functions and reference cospectral formulations derived 190 

from the Kaimal spectrum (Kaimal et al., 1972) and its subsequent developments (Moore, 1986; 191 

Moncrieff et al., 1997, 2005; Massman, 2000, 2001). After the above processing steps, residual outliers 192 

in the 30 min flux data were further removed by excluding the following time intervals: periods with 193 

mean horizontal wind speed lower than 1 m s⁻¹ or higher than 8 m s⁻¹; periods when the absolute value 194 

of vertical wind velocity exceeded 0.15 m s⁻¹; and periods when the wind direction corresponded to 195 

directions obstructed by the mounting structure. After this additional screening, 72% of the EC turbulent 196 

flux data were retained. 197 

3 Methods 198 
3.1 The algorithm and quality control for roughness lengths 199 

This study uses the roughness lengths of momentum derived from EC measurements to calculate 200 

turbulent fluxes. The EC data, with a 30-minute temporal resolution, provide three-dimensional wind 201 

speed components, which are then used to indirectly calculate friction velocity (u∗) and Obukhov length 202 

(L) as follows: 203 

𝑢∗ = $𝑢"𝑤"&&&&&&# + 𝑣"𝑤"&&&&&&#)
$/&

,                                                           (1) 204 

𝐿 = − '!(∗#

)*+$'!$
,,,,,,,,,                                                                     (2) 205 

where 𝑢′and 𝑣′represent the fluctuations in the horizontal wind components around their 30-minute 206 

mean values, 𝑤′denotes the fluctuation in the vertical wind component, 𝑇-  is the 30-min averaged 207 

virtual temperature (K), 𝑔 is the acceleration due to gravity (9.8 m s−2), and 𝜅 is the von Kármán 208 

constant (0.4). The roughness length for momentum (𝑧./) is then retrieved using friction velocity and 209 

𝐿, according to the following equation: 210 



 11 

𝑧./ = exp 3−𝜅 (
(∗
−Ψ- $

0
1
)4 𝑧,                                                        (3) 211 

Here, 𝑧./ is the momentum roughness length, and 𝑢 represents the 30-min averaged wind speed. The 212 

term Ψ- is the stability correction function for momentum. Under stable conditions (0
1
> 0), it follows 213 

the formulation of Holtslag and De Bruin (1988), while under unstable conditions (0
1
< 0), it follows the 214 

Businger-Dyer expression described by Paulson (1970). 215 

Stable conditions: 216 

−Ψ- $
0
1
) = 0

1
+ 𝑏 $0

1
− 2

3
) exp $− 30

1
) + 42

3
,                                               (4) 217 

Unstable conditions: 218 

𝑥 = $1 − 16 0
1
)
..#6

,                                                                 (5) 219 

Ψ- $
0
1
) = log A$78

#
⋅ $$78

#
)
#
C − 2 ⋅ arctan(𝑥) + 9

#
,                                         (6) 220 

where the constants are a = 1, b = 2/3, c = 5, and d = 0.35; 𝑧 is the measurement height. To provide a 221 

reference for future studies without reliance on EC data, we parameterized the scalar roughness lengths 222 

(𝑧.: and 𝑧.;) as functions of the momentum roughness length 𝑧./, which was derived from EC data. 223 

This parameterization follows the methods proposed by Andreas (1987) and Smeets and van den Broeke 224 

(2008), which have been shown to provide accurate estimates of scalar roughness lengths over glaciers. 225 

Hereafter, these two parameterization schemes are referred to as A87 and SvdB, respectively. In this 226 

study, we performed quality control on the 30-minute 𝑧./ values following the procedures outlined by 227 

Conway and Cullen (2013) and Li et al. (2016). Detailed processing steps can be found in Radić et al. 228 

(2017). After filtering, 183 valid 𝑧./ data points remained, with inferred 𝑧./ values ranging from 1.14 229 

× 10−5 m to 2.08 × 10−2 m. We finally selected the median of the quality-controlled 𝑧./ values (1.2 × 230 

10⁻⁴ m) as the representative roughness length for evaluating the performance of the different turbulent 231 

flux parameterization schemes. For the measured sensible and latent heat fluxes, the same general quality 232 

control procedures as those applied to 𝑧./ were adopted. However, with respect to the neutrality and 233 

wind speed criteria, flux calculations were allowed to include data satisfying |z/L| < 2 and u > 1 m s⁻¹. 234 

After screening, 592 turbulent flux data points were retained for subsequent model calculations and 235 

evaluation. 236 
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3.2 Bulk methods 237 

Variations in the performance of different turbulent flux parameterizations primarily arise from their 238 

respective approaches to computing turbulent exchange coefficients and applying atmospheric stability 239 

corrections. These methodological differences directly affect method accuracy under varying 240 

temperature gradients, humidity gradients, and wind speed conditions, leading to discrepancies in the 241 

simulated LE and H. In this study, we evaluate two categories of bulk aerodynamic methods for 242 

calculating turbulent fluxes over glacier surfaces. The first category comprises methods in which the bulk 243 

exchange coefficient (C) is formulated as a function of surface roughness lengths and atmospheric 244 

stability. The second category includes bulk methods that explicitly incorporate a simplified katabatic 245 

(glacier wind) parameterization. 246 

Within this framework, we analyze five bulk methods that are commonly applied to glacier surfaces. 247 

These include: (i) a simplified bulk formulation without explicit stability corrections (Clog); (ii) and (iii) 248 

bulk methods that account for atmospheric stability through the bulk Richardson number (CRib1 and CRib2); 249 

(iv) a method based on the full Monin–Obukhov similarity theory, employing universal stability 250 

functions with iterative closure (CM–O); and (v) a bulk method derived from a simplified katabatic flow 251 

model that explicitly considers glacier wind effects (Ckat). The detailed formulations of methods (i) 252 

through (v) are described in the following subsections. 253 

Model performance is evaluated by comparing 30-min turbulent fluxes (H and LE) simulated by 254 

each method with eddy covariance (EC) measurements, using standard statistical metrics including the 255 

root mean square error (RMSE), mean bias error (MBE), and mean absolute deviation (MAD). For 256 

consistency between modeled and observed fluxes, turbulent fluxes are defined as positive when directed 257 

from the atmosphere toward the glacier surface, and negative in the opposite direction. The naming of 258 

the turbulent flux methods follows the convention of Radić et al. (2017). 259 

3.2.1. Ckat method 260 

The Ckat method explicitly considers katabatic flows, introducing the katabatic bulk exchange 261 

coefficient (𝐶<=:) to partially overcome the limitations of MOST during strong katabatic wind conditions 262 

(Oerlemans and Grisogono, 2002). This approach emphasizes intensified katabatic turbulence during 263 

nocturnal cooling or cold-air intrusions, enhancing turbulent exchange (Horst and Doran, 1988). 264 

However, the Ckat method lacks explicit stability corrections and dynamic roughness length adjustment, 265 
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leading to a slow response under rapidly changing surface conditions (Denby, 2000). Hence, its 266 

application is more suited to small and medium-sized glaciers rather than large-scale domains. LE and H 267 

are expressed as: 268 

𝐿𝐸 = ..>##
?
𝜌𝐿@/ACBCD(𝑒= − 𝑒@),                                               (7) 269 

𝐻 = 𝜌CECBCD(𝑇= − 𝑇@),                                                              (8) 270 

where, 𝜌 and 𝐶? are the density (kg·m⁻³) and heat capacity of air, respectively;	 𝑃 is atmospheric 271 

pressure (Pa), 𝐿@/A is the latent heat of sublimation/fusion, selected based on surface temperature; 𝑒= 272 

and eF are the atmospheric vapor pressure and saturated vapor pressure at the glacier surface (Pa), 273 

respectively; 𝑇= and 𝑇@ denote the air temperature and glacier surface temperature, respectively; and 274 

𝐶<=: is the katabatic bulk exchange coefficient, calculated using the following equation: 275 

CBCD = −𝐶:(4𝐶:(4# #𝐶 $
)

'%G?&
)
$/#

,                                                       (9) 276 

Here, 𝐶:(4 and 𝐶:(4# are dimensionless empirical constants used to optimize the parameterization of 277 

turbulent fluxes;	 𝐶 is replaced by the air–surface temperature difference (Ta–Ts); 𝑇.= 273.15 K; 𝛾 is 278 

the potential temperature gradient, which is prescribed as a constant value of 0.005 K m⁻¹ (Oerlemans 279 

and Grisogono, 2002); and 𝑃H is the Prandtl number (~ 0.71). 280 

3.2.2. Clog method 281 

The Clog method represents a highly simplified derivative of MOST. This method employs a 282 

constant exchange coefficient (𝐶I ) driven by near-surface wind speed and the difference in air 283 

temperature (or humidity) and surface temperature (or humidity), providing a simplified, 284 

computationally efficient structure suitable for large-scale climate models (Oerlemans, 2000). It does not 285 

dynamically adjust atmospheric stability, and instead retains only a linear relationship for surface fluxes. 286 

Being a wind-speed-driven scheme, it performs well under less stable stratification conditions. However, 287 

the method also exhibits certain limitations. Owing to the absence of atmospheric stability parameters in 288 

its structure, it cannot identify or respond to surface inversions forming at night or in the early morning. 289 

LE and H are expressed as: 290 

𝐿𝐸 = 0.622𝜌𝐿@/A𝐶I𝑢(𝑒= − 𝑒@)/𝑃,                                                    (10) 291 
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𝐻 = 𝜌𝐶?𝐶I𝑢(𝑇= − 𝑇@),                                                             (11) 292 

where, 𝑢 is wind speed (m·s⁻¹), and 𝐶I is the turbulent exchange coefficient. Following (Oerlemans, 293 

2000), turbulent fluxes are regulated through the exchange coefficient 𝐶I. Here, 𝐶I is treated as a 294 

calibration parameter and optimized by minimizing the mismatch between modeled and observed 295 

turbulent fluxes. 296 

3.2.3. CRib1 method 297 

The CRib1 method retains the Clog formulation for turbulent flux calculation but introduces the bulk 298 

Richardson number (Rib) to allow for flux reduction under stable stratification (Suter et al., 2004). The 299 

bulk Richardson number can be related to the stability functions for momentum (𝜙/), heat (𝜙I), and 300 

water vapour (𝜙;) in the following way ((Oke, 1987); see Eq. 14). In this formulation, the composite 301 

function (𝑓I(𝑅𝑖4)) is constructed from the stability functions for momentum (𝜙/), heat (𝜙I), and water 302 

vapor (𝜙;) (Dyer, 1974; Holtslag and Bruin, 1988). 303 

𝐿𝐸 = 𝜌𝐿@/Aκ#𝑧(𝑧; $
∆(K∆;,
0'
) (𝜙/𝜙I)L$	,                                                 (12) 304 

𝐻 = 𝜌𝐶?κ#𝑧(𝑧: $
∆(K∆',

0'
) [𝜙/𝜙;\

L$
,                                                    (13) 305 

]
[𝜙/𝜙I,;\

L$ =	 (1 − 5𝑅𝑖4)#					(𝑅𝑖4 > 0)

[𝜙/𝜙I,;\
L$ = (1 − 16𝑅𝑖4)..N6(𝑅𝑖4 ≤ 0)

,                                             (14) 306 

𝑅𝑖4 =
)∆)

*
∆+

',O∆,*∆+P
'	,                                                                     (15) 307 

where 𝑢&, 𝑞&, and 𝑇& represent the mean wind speed, specific humidity, and air temperature, respectively; 308 

where 𝑧(,:,; are the log mean heights defined as： 309 

𝑧(,:,; =
0L0%,,.,/

QRS 0
0%,,.,/

T
,                                                                  (16) 310 

and 𝑧.(,;,: denotes the surface roughness lengths for momentum, humidity, and temperature. 311 

3.2.4. CRib2 method 312 

Similar to CRib1, the CRib2 method is a non-iterative method for calculating turbulent fluxes (Essery 313 

and Etchevers, 2004). It employs 𝑅𝑖4 and 𝑓I(𝑅𝑖4), thereby reducing computational complexity while 314 

preserving the physical consistency of MOST. Turbulent fluxes in the CRib2 method are calculated as:	  315 
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𝐿𝐸 = 𝜌𝐿@/A𝐶U𝑢[𝑞@=:(𝑇@, 𝑃) − 𝑞],                                                     (17) 316 

𝐻 = 𝜌𝐶?𝐶U𝑢[𝑇@ − 𝑇=]	,                                                             (18) 317 

where, 𝑞@=:(𝑇@, 𝑃) denotes the saturation specific humidity at surface temperature 𝑇@ and pressure P, 318 

and 𝐶U is a surface exchange coefficient. Following Essery and Etchevers (2004) and Louis (1979), the 319 

exchange coefficient for surface sensible and latent heat flux is calculated as 𝐶U = 𝐶UR𝑓I, where 320 

𝐶UR = κ# 3ln $ 0
0%1

)4
L#
	,                                                             (19) 321 

is the neutral exchange coefficient for roughness length 𝑧.V and 322 

𝑓I = d
(1 + 10𝑅𝑖4)L$																																																						𝑅𝑖4 ≥ 0	

1 − 10𝑅𝑖4[1 + 10𝑅𝑖4𝐶URf−𝑅𝑖4/𝑓0\
L$
							𝑅𝑖4 < 0

,                               (20) 323 

with 324 

𝑓0 =
$
&
$0%1

0
)
$/#
	,                                                                   (21) 325 

Although atmospheric stability is also characterized by 𝑅𝑖4 , the calculation approach in CRib2 326 

method differs from that in CRib1 method as follows: 327 

𝑅𝑖4 =
)02
('
g'3L'4

'3
+ ;L;45.('4,?)

;7ϵ/($Lϵ)
h	,                                                      (22) 328 

where, ϵ is defined as the ratio of the molecular weights of water to dry air, with a value of 0.622. 329 

3.2.5. CM–O method 330 

This method replaces the composite stability function 𝑓I(𝑅𝑖4) used in the CRib with the universal 331 

stability functions (ψ) to introduce stability corrections. It adopts a complete MOST framework and 332 

explicitly calculates the friction velocity (u*), 𝜓, and L (Hock and Holmgren, 2005). Separate roughness 333 

lengths are applied for momentum (𝑧./), temperature (𝑧.:) and humidity (𝑧.Y). Turbulent fluxes are 334 

obtained through an iterative solution procedure that ensures closure of the nonlinear stability 335 

equations.Under stable conditions, the nonlinear stability functions of Beljaars and Holtslag (1991) are 336 

used, whereas under unstable conditions, the Businger–Dyer relationships are applied (Beljaars and 337 

Holtslag, 1991; Paulson, 1970). The variables u* and L solved iteratively to achieve convergence. 338 

𝐿𝐸 = 𝐿@/A
..>##Z
?%

B'

[\]O 0
0%1

PL^6O
0
7P_[\]O

0
0%8

PL^9O
0
7P_
𝑢(𝑒= − 𝑒@),                                  (23) 339 
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𝐻 = 𝜌𝐶?
B'

[\]O 0
0%1

PL^6O
0
7P_`\]S

0
0%.

TL^:O
0
7Pa
𝑢(𝑇= − 𝑇@)	,                                 	 	     (24) 340 

For clarity and reproducibility, all model-specific parameters and physical constants used in this 341 

study are summarized in Table 2, together with their numerical values, units, and data sources where 342 

applicable. 343 

 344 

Table 2: Summary of model-specific parameters and physical constants adopted in this study. 345 

Parameter Description Value Unit Source 

Cturb 
dimensionless empirical 

constants 
0.0001 – this study 

Cturb2 
dimensionless empirical 

constants 
0.007 – this study 

γ potential temperature gradient 0.005 K m⁻¹ 
Oerlemans and 

Grisogono, 2002 

Pb Prandtl number 0.71 – Standard value 

Ls/f 
latent heat of 

sublimation/evaporation 
Lf = 2514000 
Ls = 2849000 

J kg–1 Standard value 

Cp heat capacity of air 1005 J kg–1 K–1 Standard constant 

Ch 
turbulent exchange coefficient 

(recalibrated in this study) 
0.0005 – this study 

Ch 
turbulent exchange coefficient 

(reference value) 
0.00127 – Oerlemans, 2000 

κ von Karman constant 0.4 – Standard constant 

P0 
mean atmospheric pressure at 

sea level 
101325 Pa Standard value 

𝑧. 
Aerodynamic roughness 
length (literature value) 

0.003 m 
Essery and 

Etchevers, 2004 

𝑧./ 
Aerodynamic roughness 
length (literature value) 

0.01 m 
Hock and 

Holmgren, 2005 

 346 

3.3 Energy Balance Model 347 

The approximate SEB (in W m−2) can be written as: 348 

𝑄/ = 𝑆in + 𝑆out + 𝐿in + 𝐿out +𝐻 + 𝐿𝐸 + 𝑄rain + 𝑄sub		,                            	 	      (25) 349 
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where 𝑄/	is the energy available for melt, Sin represents the incoming shortwave radiance, Sout is the 350 

reflected shortwave radiation, and Lin and Lout refer to the incoming and outgoing longwave radiation, 351 

respectively. Qrain is the heat transfer due to rainfall, while Qsub denotes the heat flux into the ice. In the 352 

model, the energy fluxes are expressed in a way that the surface temperature is the only unknown variable, 353 

which is determined by iteratively solving Eq. (25) with the left-hand-side set to zero. If the computed 354 

surface temperature exceeds the melting point, it is constrained to the melting point, and the energy fluxes 355 

are recalculated. In this scenario, the sum of fluxes becomes positive, and melting will occur (EBFM; 356 

Van Pelt et al., 2012, 2019). The mass balance (MB, mm w.e.), is calculated as follows: 357 

𝑀𝐵 = ∫ $l111 + 𝑃@Rm+ +
l7
14
)  𝑑𝑡	,     	 	                                                (26) 358 

𝑃@Rm+ is the snow accumulation, 𝑄1 is the mass exchange due to sublimation. 𝐿/ is the latent heat of 359 

melting (~ 3.34 × 105 J kg-1). Since this study is based on point data and does not involve spatial data, 360 

topographical parameters were not set in EBFM during the analysis. 361 

4 Results 362 
4.1 Meteorological conditions on the Dunde Glacier 363 

Figure 2 shows the temporal evolution of near-surface meteorological conditions during the 364 

observation period from 14 May to 12 October 2023. The daily mean Ta at the Dunde Glacier ranged 365 

from −14.1 to 3.3 °C, with an average of −4.0 °C (Fig. 2a). The warmest months were July and August, 366 

averaging −1 °C. October was the coldest month, with a mean daily Ta of −9.5 °C. The mean daily Ts 367 

ranged from −17.2 °C to 0 °C, with a mean of −5.4 °C (Fig. 2d) and exhibited seasonal variability. Over 368 

the study period, the mean surface temperature deficit (Ta − Ts) was 1.4 °C, reaching its highest values 369 

in July and September (1.9 °C) and its lowest value in June (0.7 °C). To isolate the diurnal variability 370 

from the dominant seasonal signal, Fig. 2c and f presents detrended daily cycles of Ta and Ts. After 371 

detrending, both variables display clear and consistent single-peak and single-trough diurnal patterns; 372 

The earlier Ts peak is interpreted to reflect the rapid radiative response of the glacier surface to incoming 373 

solar radiation; Ta responds more slowly owing to the thermal inertia of air and gradual development of 374 

convective mixing. At night, however, both the glacier surface and air cool synchronously under stable 375 

stratification and weak turbulence, resulting in the coincident early morning Ts and Ta minima. Generally, 376 

Ta was higher than Ts for most of a given day, indicative of a persistent near-surface temperature inversion 377 
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layer over the glacier surface (Fig. 2t and u).  378 

Mean daily relative humidity at the Dunde Glacier was 56.3%, with notable seasonal variability 379 

(Fig. 2g). The highest seasonal average occurred in May-Jun (62.6%), whereas Sep-Oct was the driest 380 

season (50.7%). On a daily scale, relative humidity characterized by a distinct midday trough and 381 

nighttime peak (Fig. 2i).  382 

Daily mean wind speeds ranged from 1.7 to 10.5 m s⁻¹, averaging 4.1 m s⁻¹, with marked seasonal 383 

variability (Fig. 2j). The strongest winds occurred during May-Jun (average of 5.51 m s⁻¹), while Jun-384 

Aug recorded the weakest winds (average of 3.6 m s⁻¹). On a daily scale, wind speed exhibited s a 385 

pronounced diurnal cycle, with the mean daily cycle showing a peak-to-trough difference of 386 

approximately 1.5 m s⁻¹ (Fig. 2l). Wind direction was presented using circular statistics. Nighttime wind 387 

speeds exhibited limited variability, consistent with stable atmospheric stratification. Prevailing wind 388 

directions were westerly and northwesterly (Fig. 2m and o), highlighting the dominant influence of the 389 

mid-latitude westerlies on regional meteorological conditions.  390 

Daily mean atmospheric pressure at the Dunde Glacier during our study period ranged from 527.9 391 

to 538.4 hPa, with an average of 534.4 hPa (Fig. 2p). The highest seasonal mean atmospheric pressure 392 

occurred in Jun-Aug (535.2 hPa) and the lowest in May-Jun (530.6 hPa). On a daily scale, atmospheric 393 

pressure exhibited a distinct double-peak, double-trough daily pattern (Fig. 2r). Overall, atmospheric 394 

pressure variations were relatively small over the study period and therefore likely played only a minor 395 

role in modulating turbulent fluxes. 396 

 397 
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 398 

Figure 2. Half-hourly and daily average values (left panels), original mean diurnal cycles (middle panels), and 399 
detrended mean diurnal cycles (right panels) of six meteorological variables at the Dunde Glacier for the 400 
period May–October, 2023: (a, b, c) air temperature (Ta); (d, e, f) surface temperature (Ts); (g, h, i) relative 401 
humidity (RH); (j, k, l) wind speed (u); (m, n, o) wind direction (WD); (p, q, r) atmospheric pressure (P); and 402 
(s, t, u) surface temperature deficit (Ta − Ts). 403 

 404 

4.2 Observed turbulent fluxes on the Dunde Glacier 405 
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Figure 3 shows that the observed daily mean LE ranged from −35.9 W m⁻² (21 August, 2023) to 406 

10.4 W m⁻² (11 July, 2023), with an average of −9.6 W m⁻² over the study period, indicating persistent 407 

sublimation/evaporation from the glacier surface. There was notable seasonal variability, with the 408 

absolute mean seasonal LE being highest in May-Jun (−15.1 W m⁻²), lowest in Sep-Oct (−8.1 W m⁻²), 409 

and moderate in Jun-Sep (−10.4 W m⁻²), reflecting varying intensities of moisture exchange between the 410 

glacier and the atmosphere (Fugger et al., 2022). 411 

In contrast, observed H was generally positive, averaging 6.9 W m⁻², indicating continuous heat 412 

transfer from the atmosphere to the glacier. There were pronounced seasonal variations, with high mean 413 

H values in May-Jun (9.3 W m⁻²) and Sep-Oct (9.2 W m⁻²), and a monthly peak in September (10.1 W 414 

m⁻²). The lowest values were recorded in Jun-Sep, which averaged 5.4 W m⁻², and June exhibited the 415 

lowest monthly average (3.1 W m⁻²), coinciding with the period when the surface temperature deficit 416 

reached its minimum. During June, both Ta and glacier Ts increased; however, the glacier surface warmed 417 

more rapidly than the overlying air, reducing the surface temperature deficit to its lowest level. As a 418 

result, the monthly mean H reached its minimum in June. 419 

Overall, the absolute magnitude of LE generally exceeded that of H. This resulted in a 420 

predominantly negative total turbulent flux (LE + H), averaging −2.9 W m⁻², indicating net heat loss 421 

from the glacier through turbulent exchange. From May to mid-September, the total turbulent flux was 422 

negative (glacier losing energy), while from mid-September to mid-October, it became positive (glacier 423 

receiving energy). June exhibited the strongest turbulent flux (−8.0 W m⁻²), whereas September recorded 424 

the weakest (1.5 W m⁻²). These findings underscore the overall state of heat loss from the glacier through 425 

turbulent fluxes during the study period. 426 

 427 
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 428 
Figure 3: Half-hourly (thin lines) and daily average (thick lines) variations in (a) latent heat flux, (b) sensible 429 
heat flux, and (c) total turbulent flux over the Dunde Glacier during the study period. The green line in (c) 430 
represents the daily average of total turbulent flux. 431 

 432 

4.3 Evaluation of different turbulent flux parameterizations 433 

In this section, we present the results of our evaluation of the simulation ability of five turbulent 434 

flux methods (Ckat, Clog, CRib1, CRib2, and CM–O) across different timescales. To ensure that the assessment 435 

is based on high-quality data, only the 30-minute measured turbulent flux observations that passed the 436 

screening procedures described in Section 3.1 were used for validation. 437 

4.3.1 Model–observation correspondence and statistical significance 438 

The scatter plots reveal pronounced differences among the five evaluated schemes in estimating 439 
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turbulent heat fluxes over the Dunde Glacier (Fig. 4). Overall, all methods exhibit relatively higher 440 

accuracy for both latent and sensible heat fluxes when the absolute flux magnitudes are small, with 441 

modeled values showing good agreement with the observations. However, as the absolute magnitude of 442 

the fluxes increases, the simulation errors tend to increase, accompanied by a gradual decline in model 443 

performance. This behavior indicates that the stability of the parameterization schemes under higher flux 444 

conditions is limited, leading to reduced reliability of the modeled turbulent fluxes. 445 

 446 

 447 
Figure 4: Comparison of 30-min observed (eddy-covariance-derived) and modeled H and LE according to the 448 
five turbulent flux methods.  449 

 450 

Under near-neutral conditions, most parameterization schemes exhibit small mean biases in LE, 451 

with 95% confidence intervals encompassing zero. This suggests that, within the estimated uncertainty 452 
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range, the majority of schemes do not show statistically significant systematic deviations from the eddy-453 

covariance observations in terms of mean behavior. In contrast, all schemes display a consistent negative 454 

bias in H, with confidence intervals that do not include zero. This systematic underestimation may partly 455 

arise from uncertainties in the surface–air temperature gradient, such as potential errors in glacier surface 456 

temperature estimation, rather than from random variability alone. These findings highlight potential 457 

limitations of bulk turbulent flux parameterizations over glacier surfaces and underscore the need for 458 

careful interpretation of modeled H under near-neutral atmospheric conditions. 459 

 460 

Table 3. Mean bias (Bias) and associated 95% confidence intervals of modeled latent heat flux (LE) and 461 
sensible heat flux (H) under near-neutral conditions for the five turbulent flux parameterization schemes. 462 
Positive (negative) bias values indicate overestimation (underestimation) relative to eddy-covariance (EC) 463 
observations. 464 

 LE (W m⁻²) H (W m⁻²) 

Method Bias (W m⁻²) 95% CI (W m⁻²) Bias (W m⁻²) 95% CI (W m⁻²) 

Ckat 1.2 [−3.0, 5.3] −4.3 [−7.4, −1.6] 

Clog −2.2 [−5.3, 0.5] −3.1 [−4.7, −1.7] 

CRib1 + A87 1.7 [−1.8, 4.6] −3.0 [−4.2, −1.8] 

CRib1 + SvdB −0.8 [−4.4, 2.0] −1.7 [−2.7, −0.7] 

CRib2 0.8 [−2.5, 3.8] −2.4 [−3.7, −1.2] 

CM–O + A87 4.4 [0.8, 8.1] −2.7 [−4.0, −1.5] 

CM–O + SvdB 2.8 [−0.5, 6.0] −1.7 [−2.7, −0.7] 

 465 

4.3.2 Overall model performance during the entire study period 466 

We compared the temporal evolution of modeled LE and H at the Dunde Glacier against in-situ 467 

observations (Fig. 5). The results from the Ckat and Clog methods were obtained using their respective 468 

optimal parameters, whereas the other schemes used EC-derived 𝑧./ as an input parameter and applied 469 

different parameterizations of scalar roughness lengths. Over the observation period, nearly all models 470 

reasonably captured the overall temporal evolution of turbulent fluxes, but most simulations exhibited 471 

varying degrees of underestimation. For LE, during the three periods of abrupt flux changes—early and 472 

mid-July, and mid-August— nearly all schemes underestimated the magnitude of the observed transitions. 473 
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Outside these transition periods, particularly during intervals of relatively low LE, the simulations 474 

generally showed better agreement with the observations. Although the Ckat and Clog methods 475 

substantially improved agreement with observations through parameter optimization, they still showed a 476 

tendency to underestimate LE. For H, schemes that use the bulk exchange coefficient as a function of 477 

roughness lengths and atmospheric stability clearly outperformed the Ckat method, especially during 478 

periods of elevated sensible heat flux. However, during periods when H exhibited a downward trend—479 

most notably in mid-August—none of the methods successfully reproduced this behavior. 480 

 481 
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 482 
Figure 5: Time series of 30-min LE and H simulated by the five different schemes (Ckat, Clog, CRib1, CRib2, and 483 
CM–O), compared with eddy covariance–derived values. The CRib1, CRib2, and CM–O schemes were calculated 484 
by the observed aerodynamic roughness length (𝒛𝟎𝒎 = 1.2 × 10⁻⁴ m), whereas Ckat and Clog were calculated 485 
using optimized parameters obtained by minimizing the differences between modeled and observed turbulent 486 
fluxes. Blue dots represent model simulations, and red dots denote observations. 487 

 488 

Statistical comparisons between modeled and observed fluxes were conducted over the entire study 489 



 26 

period to quantitatively assess method performance (Table 4). For LE, the Ckat, Clog, and CRib1 schemes 490 

using the SvdB scalar roughness length parameterization exhibited slight overall overestimation (with 491 

negative MBE indicating direction), whereas the remaining schemes—particularly CM–O—tended to 492 

underestimate LE. Excluding Ckat, the other four schemes showed comparable performance, with RMSE 493 

values ranging from 11.2 to 13 W m⁻², indicating generally good agreement with observations. Although 494 

Ckat employed parameter optimization, its performance in terms of RMSE and MAD was inferior to that 495 

of the other schemes. Regarding the influence of scalar roughness length parameterizations, only minor 496 

differences were observed between the A87 and SvdB formulations for both the CRib1 and CM–O methods, 497 

suggesting that the choice of scalar roughness length parameterization had a limited impact on LE 498 

simulations over Dunde Glacier. For H, all schemes exhibited slight underestimation. However, overall 499 

model performance for H was better than that for LE. The observation-based schemes (CRib1, CRib2, and 500 

CM–O), together with the parameter-optimized Clog method, performed slightly better than the katabatic-501 

wind-based Ckat scheme. In contrast to the LE results, the choice of scalar roughness length 502 

parameterization exerted a noticeable influence on H simulations, with the SvdB formulation generally 503 

outperforming A87 for both CRib1 and CM–O. 504 

 505 

Table 4: Comparative statistics of modeled LE and H over the entire study period using the observed 506 
aerodynamic roughness length, compared against eddy-covariance observations. RMSE = root mean square 507 
error; MAD = mean absolute deviation; MBE = mean bias error.  508 

 LE (W m⁻²) H (W m⁻²) 

Method RMSE MAD MBE RMSE MAD MBE 

Ckat 15.8 12.5 −1.7 6.3 5.0 −1.7 

Clog 11.2 7.6 −2.8 4.6 3.5 −1.6 

CRib1 + A87 12.7 7.4 1.2 4.1 2.9 −1.6 

CRib1 + SvdB 13.0 6.8 −1.1 3.5 2.4 −0.7 

CRib2 12.4 7.0 0.3 3.9 2.9 −1.1 

CM–O + A87 12.4 8.4 4.0 4.0 2.9 −1.4 

CM–O + SvdB 11.5 7.6 2.5 3.6 2.5 −0.7 

 509 

4.3.4 Evaluation of daily variations 510 
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An evaluation of daily variations in modeled turbulent fluxes offered important diagnostic 511 

information on the simulation ability of a given parameterization. To ensure statistical robustness, days 512 

with less than 50% missing half-hourly observations (i.e., days with more than 50% valid data coverage) 513 

were first defined as effective observation days. Based on these effective days, individual time-of-day 514 

bins were then included in the diurnal averaging only when their occurrence frequency exceeded 50% of 515 

the number of effective observation days. This two-step screening ensured that the derived diurnal cycles 516 

were constructed from sufficiently representative and consistently sampled observations. This screening 517 

procedure ensured that the derived diurnal cycles were based on sufficiently representative observations.  518 

At the daily scale, the simulated turbulent fluxes showed good agreement with the in-situ 519 

observations, with both LE and H exhibiting diurnal variations similar to the measured values (Fig. 6). 520 

For LE, the observed and simulated fluxes for all methods reached their maximum around 15:30; 521 

however, the modeled values were generally lower than the observations (Fig. 6a). Meanwhile, 522 

differences among the parameterizations became apparent. Specifically, the two Richardson number-523 

based stability correction schemes (CRib1 and CRib2) reproduced LE more accurately, showing smaller 524 

deviations from the observations, particularly during periods of high LE, when they better captured the 525 

amplitude of flux variability. In contrast, the other methods—especially CM–O—tended to underestimate 526 

LE during these high-flux periods. During relatively stable periods (after approximately 20:00), Ckat and 527 

Clog exhibited overestimation, with comparatively larger deviations. Regarding the scalar roughness 528 

length parameterizations, the two schemes performed similarly during low LE periods; however, at 529 

higher LE values, the SvdB parameterization outperformed A87. This pattern was evident in both the 530 

CRib1 and CM–O frameworks. For H, both observations and simulations showed a gradual diurnal increase, 531 

with minimum values occurring around 12:00 and maximum values around 23:00 (Fig. 6b). Differences 532 

among the parameterizations were relatively small. Compared with LE, all methods demonstrated 533 

generally better agreement for H, although a systematic underestimation persisted. The underestimation 534 

was generally more evident during periods when H values were relatively high (e.g., around 18:30 and 535 

21:30). Concerning the scalar roughness length parameterizations, the SvdB scheme consistently 536 

performed slightly better than A87 across the evaluated time bins, although the differences between the 537 

two schemes remained modest. 538 

 539 



 28 

 540 

Figure 6: Mean daily cycles of modeled latent heat and sensible heat fluxes obtained from the five different 541 
schemes (Ckat, Clog, CRib1, CRib2, and CM–O) compared with eddy covariance-derived values (LEEC and HEC). 542 

 543 

In summary, among the five evaluated methods, both the Ckat and Clog schemes exhibited a tendency 544 

to underestimate the observed turbulent fluxes to some extent; however, the optimized parameters 545 

adopted in these schemes provide useful references for studies of continental glaciers. For the EC-based 546 

approaches derived from observations (i.e., the CRib1, CRib2, and CM–O methods), the overall performance 547 

in simulating both LE and H was broadly comparable throughout the study period, with generally higher 548 

simulation accuracy for H than for LE. Nevertheless, differences among the schemes became more 549 

evident when examining the diurnal variations. In particular, the CRib1 and CRib2 methods showed closer 550 

agreement with observations in reproducing the diurnal evolution of LE, whereas the differences among 551 

schemes in simulating H were relatively small. In addition, considering both the overall period and the 552 

diurnal cycle, the SvdB scalar roughness length parameterization consistently outperformed the A87 553 

scheme. Overall, although the differences among the five schemes were not substantial, the methods 554 

employing Richardson number-based stability corrections combined with the SvdB scalar roughness 555 

parameterization demonstrated comparatively balanced performance in simulating both LE and H, and 556 

were able to more accurately reproduce the diurnal evolution of turbulent fluxes. Therefore, among the 557 

five evaluated schemes, this class of approaches can be regarded as a relatively favorable option for 558 

simulating turbulent fluxes over the Dunde Glacier. More broadly, it may also be applicable to turbulent 559 

flux simulations over continental glaciers on the TP. 560 
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5 Discussion 561 
5.1 Glacier type dependence of aerodynamic roughness length variability 562 

Aerodynamic roughness length (𝑧./) over glacier surfaces spans several orders of magnitude, and 563 

the reported ranges vary substantially among different glacier types and climatic settings. Compared with 564 

previous studies, the range inferred in this study (10−5 – 10−2 m) is consistent with values documented in 565 

the literature. For example, calculated values over August-one Glacier on the TP were approximately 566 

10−5 to 10−2 m (Guo et al., 2018), while observations from the Greenland Ice Sheet (Haven et al., 2025) 567 

documented ranges of roughly 10−6 to 10−2 m. These comparisons indicate that the values derived here 568 

are physically reasonable and consistent with established glacier surface characteristics. Previous studies 569 

of continental glaciers on the TP have predominantly relied on SEB models to investigate glacier change 570 

and its underlying mechanisms. In most of these studies, roughness lengths, together with other 571 

meteorological parameters, were adjusted to improve the simulated cumulative mass balance produced 572 

by the surface energy mass balance framework. In such cases, parameter selection primarily aimed to 573 

optimize overall SEB model performance rather than to explicitly constrain turbulent flux representation. 574 

Moreover, the lack of independent turbulent flux observations has limited the constraint on simulated 575 

sensible and latent heat fluxes, introducing substantial uncertainty into SEB based flux estimates. This 576 

limitation, in turn, hampers our understanding of continental glacier change and its underlying 577 

mechanisms. By contrast, observations of roughness length and turbulent fluxes provide a constrained 578 

optimization range for parameter calibration in SEB models. This allows the simulated turbulent fluxes 579 

to better reflect actual surface conditions, thereby improving our understanding of glacier change. Given 580 

this importance, it is therefore essential to characterize the observed variability and magnitude of 581 

roughness lengths themselves, particularly across different glacier types and climatic regimes.  582 

Glacier type appears to systematically influence the characteristic magnitude and range of 𝑧./. 583 

Reported values from studies over the Greenland Ice Sheet collectively span approximately 10−6 – 10−2 584 

m, although the specific intervals vary among studies depending on observational period and 585 

methodology (Meesters et al., 1997; Lenaerts et al., 2014; Van Tiggelen et al., 2020). For maritime 586 

glaciers on the TP, the limited available observations—primarily from Parlung No. 4 Glacier—indicate 587 

values between 10−4 and 10−2 m (Guo et al., 2011). In contrast, continental glaciers on the Tibetan Plateau 588 

often show lower characteristic magnitudes but broader reported ranges, spanning approximately 10−5 –589 

10−1 m, although most of these estimates are derived from SEB model calibration rather than independent 590 
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turbulent flux observations (Giesen et al., 2008; Guo et al., 2018; Sun et al., 2018). Taken together, these 591 

comparisons indicate that continental glaciers tend to exhibit lower but more widely distributed 592 

roughness lengths than maritime glaciers, which are generally characterized by relatively higher and 593 

narrower ranges. The broad 𝑧./ range derived from the observational data in this study further suggests 594 

that surface roughness conditions over continental glaciers can vary considerably over time. A plausible 595 

reason why such variability is more clearly captured in the derived values is the comparatively slow 596 

evolution of continental glacier surfaces, which allows changes in roughness length to be tracked more 597 

consistently in the observational record. 598 

It should also be emphasized that most previous measurements were confined to short ablation 599 

season campaigns, whereas the present study spans a longer observation period from May to October. 600 

The wider range identified here may therefore partly result from the extended temporal coverage. 601 

Furthermore, the observation site is located in the accumulation zone, where melt intensity is relatively 602 

weak and surface conditions are comparatively stable; such conditions may allow a broader range of 603 

roughness length variations to be captured in the observations. Nevertheless, given the scarcity of long-604 

term eddy-covariance measurements over continental glaciers, additional observations are still required 605 

to evaluate the reliability and broader applicability of these findings. 606 

5.2 Performance improvement of the SEB model by optimizing turbulent flux methods 607 

To assess the importance of turbulent flux methods in simulating glacier mass balance, we included 608 

three representative turbulent flux methods (the Clog, CRib2, and CM–O + SvdB methods) in a coupled 609 

energy balance–snow and firn model applied at the point scale. For each method, turbulent fluxes were 610 

computed using both the original parameter sets reported in the literature and the recalibrated parameters 611 

developed in this study, while all other model inputs, including incoming and outgoing longwave 612 

radiation, incoming and outgoing shortwave radiation, snow depth, surface albedo, and rainfall, were 613 

prescribed from in situ observations at AWS1 to ensure a controlled experimental setup. 614 

Under this framework, the coupled model simulated glacier surface temperature, ice surface height 615 

(SH), and cumulative mass balance (CMB). For each variable, model results obtained using the original 616 

and recalibrated turbulent flux parameter sets were evaluated against the corresponding observational 617 

data, allowing a direct assessment of the impact of turbulent flux parameterization and calibration on 618 

model performance (Fig. 7). In parallel, turbulent fluxes calculated with the original and recalibrated 619 



 31 

parameter sets were compared to quantify the effects of parameter recalibration on turbulent heat 620 

exchange itself. Model performance was assessed using the correlation coefficient (R), RMSE, MAD, 621 

and estimates of cumulative mass balance, thereby demonstrating the improvements achieved through 622 

turbulent flux optimization (Table 5). 623 

 624 

 625 

Figure 7: Time series of turbulent fluxes, cumulative mass balance (CMB), surface temperature, and surface 626 
height over the Dunde Glacier during the study period, based on original methods (before), recalibrated 627 
methods (after), and observations (obs). 628 

 629 
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Table 5: Comparative statistics between observations and surface energy balance model simulations of 630 
surface temperature (Ts), surface height, and cumulative mass balance at the Dunde Glacier, using both 631 
original (before) and recalibrated (after) parameters. 632 

 Before After 

Method 
Ts(°C） 

（R/RMSE, 
°C） 

SH 
（R/RMSE/
MAD, m） 

CMB 
(mm) 

Ts 
（R/RMSE, 

°C） 

SH 
（R/RMSE/
MAD, m） 

CMB 
(mm) 

Clog 
0.84 
3.3 

0.93 
0.16 
0.14 

−238.4 
0.85 
2.5 

0.93 
0.15 
0.14 

−260.3 

CRib2 
0.78 
8.8 

0.91 
0.18 
0.16 

−225.8 
0.87 
2.8 

0.94 
0.15 
0.14 

−238.6 

CM–O 
0.86 
3.2 

0.94 
0.16 
0.14 

−242.4 
0.88 
2.6 

0.94 
0.14 
0.14 

−249.5 

 633 

We first ran the SEB models under uncalibrated conditions with three turbulent flux methods (the 634 

Clog, CRib2, and CM–O + SvdB methods). These gave RMSE values for Ts of 3.3, 8.8, and 3.2 °C, 635 

respectively. The R values between modeled and measured Ts exceeded 0.78 for all three schemes. The 636 

RMSE values for surface height change ranged from 0.16 to 0.18 m, while the CMB estimates were 637 

−238.4, −225.8, and −242.4 mm, respectively, all deviating markedly from the observed value of 638 

−298.6 mm. Following parameter calibration, all three schemes exhibited improvements in model 639 

performance. The CRib2 method showed the greatest improvement, giving a CMB value of −238.6 mm, 640 

equating to an error reduction of 5.6% relative to the uncalibrated result. In parallel, the RMSE values 641 

for Ts and surface height decreased by 68.2% and 3.2%, respectively. The models based on the CM–O and 642 

CRib2 methods achieved relatively high overall accuracy after optimization, with R values of 0.87 and 643 

0.88 for Ts, respectively, and 0.94 for surface height in both cases. Although a residual bias remained in 644 

the CMB simulation, it was substantially mitigated compared with the original configuration. Overall, 645 

these findings highlight that turbulent flux parameter optimization is an effective approach to improve 646 

glacier SEB model accuracy.  647 

5.3 Evaluation of turbulent flux methods under extreme weather conditions 648 

Our analysis above demonstrates that the optimization of turbulent flux parameterizations markedly 649 
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enhances the accuracy of glacier surface energy and mass balance simulations under the mean climate 650 

state (e.g., multi-year averages of Ta and precipitation). However, the ability of SEB models to simulate 651 

turbulent fluxes under extreme events remains uncertain and warrants further investigation. Between 8 652 

and 11 July, 2023, the Dunde Glacier experienced a typical humid heatwave (Dong et al., 2024). During 653 

this event, the daily average air temperature reached 2.4 °C, this being substantially higher than the July 654 

average outside of the heatwave event (−1.5 °C). Nighttime air temperatures from 9 to 11 July 655 

consistently exceeded 0 °C, exhibiting reduced daily fluctuations, and then sharply dropped below 656 

freezing on 12 July immediately after the heatwave event (Fig. 8a). Relative humidity during the humid 657 

heatwave reached an average of 94.3%, this being markedly higher than during the July non-heatwave 658 

period (89.1%). The concurrent anomalies in air temperature and humidity during this humid heatwave 659 

would inevitably lead to anomalous turbulent fluxes.  660 

 661 

 662 
Figure 8: Half-hourly values of (a) air temperature (Ta), (b) relative humidity (RH), (c) latent heat flux (LE), 663 
and (d) sensible heat flux (H) over the Dunde Glacier during July, 2023. The yellow-shaded area highlights 664 
the period of the humid heatwave event (8‒11 July, 2023). 665 

 666 

To clarify turbulent flux behaviors under such anomalous climatic conditions, we compared 667 
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turbulent fluxes during the humid heatwave (8 ‒ 11 July 2023) with those during the non-heatwave period 668 

(the remainder of July 2023) based on quality-controlled observational data. The H markedly increased 669 

during the humid heatwave, reaching a daily average of 17.5 W m⁻², this being nearly 2.5 times higher 670 

than the non-heatwave average (7.5 W m⁻²). Moreover, the daily variation in H during the heatwave event 671 

ranged from 7.5 to 26.5 W m⁻², substantially exceeding the range observed during the non-heatwave 672 

period (−1.5 to 22.1 W m⁻²). This extraordinary increase in H during the humid heatwave indicates that 673 

substantial heat was transferred from the atmosphere to the glacier during this event. Concurrently, LE 674 

decreased during the humid heatwave period. During the non-heatwave period, LE remained negative, 675 

with an average value of −25.2 W m⁻². Such negative LE values are a common characteristic of 676 

continental glaciers on the TP. However, during the humid heatwave, the absolute magnitude of LE 677 

decreased, with a mean value of −3.1 W m⁻² (with a mean of 5.1 W m⁻² on July 11). This change was 678 

further reflected in daily LE variations, with a range of −7.6 to 5.1 W m⁻² during the humid heatwave, 679 

which was markedly different from the range of −58.8 to −2.6 W m⁻² observed during the rest of July. 680 

This shift implies a weakening of the upward latent heat flux and, at times, a reversal in flux direction, 681 

reflecting enhanced moisture condensation from the atmosphere onto the glacier surface and thus 682 

increased latent heat input (Zhang et al., 2017). Such weakly negative LE values, and occasional positive 683 

values, are more commonly observed over maritime glaciers and in high-latitude Arctic regions. In 684 

maritime settings, they are primarily associated with relatively high air temperatures and abundant 685 

precipitation, whereas in Arctic regions they are linked to weak solar radiation, which may occasionally 686 

cause glacier surface temperatures to fall below air temperature (Kuipers Munneke et al., 2009, 2018; 687 

Yang et al., 2011). 688 

The glacier surface transitioned into a state of net turbulent energy gain, with the mean total 689 

turbulent flux (LE + H) reaching 14.4 W m⁻² during the humid heatwave. In contrast, the non-heatwave 690 

period in July was characterized by net turbulent energy loss, averaging −13.8 W m⁻². This contrast 691 

underscores a distinct shift from turbulent heat loss to heat gain under humid heatwave conditions. 692 

Concurrently, rising Ta during the humid heatwave promoted snowmelt on the glacier surface, leading to 693 

rapid snow metamorphism characterized by grain growth and rounding. As the humid heatwave persisted, 694 

continued melting may have locally removed portions of the seasonal snow cover, potentially exposing 695 

underlying ice. This reduction in surface albedo enhanced melt energy, triggering intense ablation (Fig. 696 

8c; nighttime albedo values were not interpreted because albedo cannot be meaningfully observed 697 
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without incoming shortwave radiation). Thus, although short-lived, such anomalous turbulent flux 698 

variations during the humid heatwave markedly altered the glacier’s energy-balance processes by 699 

modifying albedo and melt energy, with potential implications for longer-term melt dynamics. 700 

We further evaluated the ability of the five methods to simulate turbulent fluxes under extreme 701 

weather events. Among the five turbulent flux methods tested, all captured the pronounced increase in H 702 

during the humid heatwave, with the CRib1 and CM–O schemes combined with the SvdB scalar roughness 703 

length parameterization performing best. Although the mean values simulated by CRib1 + SvdB and CM–704 

O + SvdB (16.7 and 16.4 W m⁻², respectively) were slightly lower than the observed value (17.5 W m⁻²), 705 

their performance was still superior to that of the other schemes. The Ckat method exhibited the poorest 706 

performance, simulating a mean H of only 7.9 W m⁻². Meanwhile, the mean H values during the humid 707 

heatwave simulated by the Clog, CRib1 + A87, CRib2 and CM–O + A87 methods were 12.7, 14.3, 14.7, and 708 

14.4 W m⁻², respectively. For LE, all methods exhibited noticeable deviations from the observations. 709 

Among the five evaluated methods, the Ckat scheme performed relatively better, with a mean value of 710 

−9.2 W m⁻², which may be related to its generally lower simulated fluxes throughout the study period. 711 

The next best performance was obtained by the CM–O + A87 scheme, with a mean value of −11.6 W m⁻². 712 

The remaining methods showed broadly similar results: the mean LE values simulated by Clog, CRib1 + 713 

A87, CRib1 + SvdB, CRib2, and CM–O + SvdB were −16.0, −14.1, −16.2, −14.1, and −13.0 W m⁻², 714 

respectively, all substantially deviating from the observed value of −3.1 W m⁻². Overall, the methods, 715 

particularly the CM–O + SvdB scheme, reproduced the anomalous increase in H during the humid 716 

heatwave with relatively high consistency and accuracy, and captured the decreasing tendency of LE 717 

during this period. However, the estimation errors for LE were non-negligible, and the models failed to 718 

reproduce the occasional reversal in LE direction (on July 11). Part of the discrepancy between modeled 719 

and observed results may be attributed to observational limitations. The meteorological variables used to 720 

drive the models are based on half-hourly observations. Such temporal averaging may obscure short-721 

lived near-surface temperature and humidity gradients, thereby limiting the models’ ability to reproduce 722 

transient fluctuations. Nevertheless, the discrepancies in turbulent fluxes identified in this study suggest 723 

that current parameterization schemes may underestimate the mass loss driven by LE under extreme 724 

meteorological conditions, thereby underestimating its role in glacier melt processes. 725 

Under ongoing global warming, the climate system is recording notable warming and moistening 726 

trends on the TP (Wang et al., 2010). This means that the TP will likely experience an increased frequency 727 
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and intensity of humid heatwave events (Zhang et al., 2025). Such conditions will cause continental 728 

glaciers, such as the Dunde Glacier, to increasingly exhibit turbulent flux characteristics that resemble 729 

those of maritime glaciers, including reduced LE magnitudes and even reversals in LE direction, as well 730 

as a pronounced enhancement of H. This phenomenon warrants further investigation and is likely related 731 

to the constraint that Ts cannot exceed 0 °C. Under humid heatwave conditions, Ta continues to rise while 732 

Ts is capped, leading to an increased surface temperature deficit and consequently a substantial 733 

enhancement of H. Meanwhile, because the humidity gradient is closely coupled to the temperature 734 

gradient, LE may also undergo anomalous changes. Consequently, continued warming may drive future 735 

transitions in glacier types (Zhu et al., 2026). 736 

6. Conclusions 737 

In this study, we conducted a comprehensive analysis of turbulent fluxes on the continental Dunde 738 

Glacier (Qilian Mountains, TP), using continuous meteorological observations and EC flux 739 

measurements collected from May to October, 2023. Throughout the observation period, the Dunde 740 

Glacier exhibited energy loss through LE (mean = −10.3 W m⁻²) while simultaneously gaining energy 741 

via H from the atmosphere (mean = 6.9 W m⁻²). Clear seasonal variations in turbulent fluxes were 742 

observed: the absolute magnitude of LE was largest in May-Jun (mean −15.1 W m⁻²) and smallest in 743 

Sep-Oct (mean −8.1 W m⁻²), whereas H was higher during May-Jun and Sep-Oct (means 9.3 and 9.2 W 744 

m⁻², respectively) and lower in Jun-Sep (mean 5.4 W m⁻²). The magnitude of LE exceeded that of H, 745 

resulting in continuous net heat loss from the glacier surface via turbulent exchange. 746 

In addition, we systematically evaluated the performance of commonly used turbulent flux 747 

parameterizations. Among the five schemes assessed, considering both the overall period and the diurnal 748 

cycle, when the models were applied using the aerodynamic roughness length derived from observations, 749 

the combined approach based on Richardson-number stability correction and the SvdB scalar roughness 750 

length parameterization exhibited comparatively higher accuracy in simulating both LE and H, and more 751 

accurately reproduced the diurnal variability of turbulent fluxes. The RMSE for LE ranged between 12.4 752 

and 13.0 W m⁻², while the RMSE for H ranged between 3.5 and 4.1 W m⁻². Moreover, statistical 753 

comparisons indicate that within both the CRib1 and CM–O frameworks, the SvdB scalar roughness length 754 

parameterization consistently outperformed the A87 scheme. 755 
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Our analysis further reveals that glacier type exerts a pronounced influence on the range of 756 

aerodynamic roughness length. Compared with maritime glaciers, continental glaciers exhibit a broader 757 

and generally lower roughness length distribution. This pattern further suggests substantial temporal 758 

variability in surface roughness conditions over continental glaciers. However, given the still limited 759 

availability of long-term eddy covariance observations in such environments, additional multi-season 760 

measurements are required to more precisely constrain the magnitude and range of 𝑧./ across different 761 

glacier types. 762 

Following the parameter optimization conducted in this study, the overall performance of all SEB 763 

models improved substantially, generally showing good agreement with observations. Among them, the 764 

SEB models employing the CM–O and CRib2 methods—based on universal stability functions and 765 

Richardson number stability correction, respectively—achieved comparatively high accuracy. The 766 

corresponding R values for Ts were 0.87 and 0.88, while both approaches yielded R values of 0.94 for 767 

surface height. These results provide an important reference for estimating turbulent heat fluxes over 768 

continental glaciers on the TP. 769 

Lastly, we investigated the impacts of extreme weather events (e.g., humid heatwaves) on turbulent 770 

flux characteristics. The analyzed humid heatwave event substantially altered the typical turbulent flux 771 

patterns, leading to a sharp increase in H and a reduction in the absolute magnitude of LE, with occasional 772 

reversals in its direction. As a result, the average turbulent flux during the humid heatwave reached 14.4 773 

W m⁻², temporarily shifting the glacier surface from a heat-loss state to a pronounced heat-gain state. 774 

However, all methods exhibited increased simulation errors under high-temperature, high-humidity, and 775 

strongly turbulent conditions (e.g., during heatwave periods). Specifically, during the analyzed humid 776 

heatwave, all methods reproduced the anomalous increase in H with relatively high accuracy and 777 

captured the decreasing trend in LE. Nevertheless, the estimation errors for LE were non-negligible, and 778 

the models failed to reproduce the occasional reversal in LE direction, indicating that the contribution of 779 

turbulent fluxes to glacier melt energy under extreme meteorological conditions may be underestimated. 780 

In summary, our findings emphasize the critical importance of turbulent flux parameterizations for 781 

accurate glacier SEB modeling, and indicate that the approach based on Richardson-number stability 782 

correction exhibits relatively good performance and applicability in mid-latitude continental glacier 783 

environments. Future research should intensify efforts to elucidate the physical mechanisms behind 784 

anomalous turbulent flux behavior during extreme events (e.g., humid heatwaves), and thus enhance 785 
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modeling accuracy under exceptional meteorological conditions. 786 
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