
1.  Introduction
Snowpack plays a key role in modulating surface energy and water balance and land-atmosphere inter-
action in the Earth system (e.g., Chen et al., 2014; Xu & Dirmeyer, 2011). The ablation of snowpack, in 
particular, is critical to many important hydrological applications by affecting snowmelt-driven runoff, 
fresh water availability, and drought (e.g., Barnett et al., 2005; Bales et al., 2006; Barnhart et al., 2016; Xiao 
et al., 2021). In the western United States (U.S.), snowmelt contributes to more than 50% of total runoff (Li 
et al., 2017), which provides freshwater supply to large populations. Over the past decades, the western U.S. 
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National Center for Atmospheric Research to understand the reasons causing its strong early-spring 
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to snowpack driven by strong surface winds, and (b) the enhanced ground absorption of solar radiation 
caused by strong surface downward solar radiation and strong snow cover reduction induced by melting. 
Our results reveal possible deficiencies in model physics (e.g., canopy processes and snow albedo) and 
shed light on future directions for model improvements.
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snowpack has been significantly declining under the warming climate (e.g., Mote et al., 2018; Pederson 
et al., 2011), and the declining trend is very likely to continue in the future (e.g., Gergel et al., 2017; Rhoades 
et al., 2018; Sun et al., 2019). The declining snowpack is often associated with earlier snowmelt and shorter 
snow seasons, causing earlier runoff, reduced streamflow magnitude in late spring and summer, and hence 
increased drought risks (e.g., Livneh & Badger, 2020; Luce & Holden, 2009; Musselman et al., 2017; Stewart 
et al., 2005). Thus, accurate prediction of the evolution and ablation of the western U.S. snowpack is criti-
cally important for supporting hydrological applications and water resource management.

Several factors can affect snowpack ablation (melting and sublimation), including meteorological forcing 
(e.g., surface temperature, wind, and radiation), snowpack physics, and land surface properties. For exam-
ple, surface temperature is one of the dominant factors controlling snow melting (Bales et al., 2006; Mote 
et  al.,  2018). Wind drives both snow drifting and sublimation (Clark et  al.,  2011; Molotch et  al.,  2007). 
Solar radiation often provides the energy for snowpack heating and hence ablation (Burles & Boon, 2011; 
Harpold et al., 2014; Painter et al., 2018). Vegetation impacts snow ablation through complex snow-canopy 
interactions such as canopy interception, blocking of solar radiation, canopy longwave radiation, wind at-
tenuation, and below-canopy turbulence (Essery et al., 2009; Mazzotti et al., 2019; Webster et al., 2016; Xiao 
et al., 2021). Topography (elevation, slope, and aspect) affects surface temperature and radiation and subse-
quently snow ablation in mountain environments (Clark et al., 2011; Liston, 2004). In addition, deposition 
of light-absorbing particles reduces snow albedo, which enhances snowpack absorption of solar radiation 
and thus melting (He, Liou, et al., 2019; He et al., 2018; Painter et al., 2012).

In the past decade, substantial efforts have been made to improve snowpack simulations over complex ter-
rain in the western U.S., including the use of high-resolution (e.g., convection-permitting) modeling (e.g., 
Chen et al., 2019; Ikeda et al., 2010; Liu et al., 2011, 2017; Prein et al., 2015; Rasmussen et al., 2011, 2014). 
In particular, with proper model configurations, convection-permitting (typically ≤4 km) simulations can 
accurately capture the observed precipitation and snowpack evolution over many western U.S. mountain-
ous regions (He, Chen, et al., 2019; Jing et al., 2017; Lundquist et al., 2019; Wang et al., 2018). One widely 
used convection-permitting modeling product covering the contiguous U.S. (CONUS) is the 4-km weath-
er research and forecasting (WRF) simulation (Liu et al., 2017) developed at the National Center for At-
mospheric Research (NCAR). This product has been comprehensively evaluated and applied to various 
snow-related analyses (e.g., Eidhammer et al., 2018; He, Chen, et al., 2019; Ikeda et al., 2021; Musselman 
et al., 2017, 2018, 2021).

However, recent studies analyzing the 4-km NCAR WRF CONUS simulation against the Snowpack Telem-
etry (SNOTEL) measurements revealed that although the simulation captures total precipitation reasonably 
well, it shows strong snow ablation in early spring at many SNOTEL sites, particularly over Utah moun-
tains, which is not seen in observations (He, Chen, et al., 2019; Ikeda et al., 2021). This leads to a significant 
model underestimate in the timing and magnitude of peak snow water equivalent (SWE) in those areas. 
Nevertheless, the underlying mechanisms causing this model ablation bias have not been investigated in 
detail. A better understanding of factors and processes driving the unobserved early-spring snow ablation in 
the model can provide physical insights for future land and weather model improvements, and have impor-
tant implications for enhanced predictions and projections of snowpack, weather, and hydrology.

Therefore, this study investigates the strong early-spring snow ablation in the convection-permitting NCAR 
WRF CONUS simulation via process-level analyses at SNOTEL sites. Our objective is to answer three sci-
entific questions: (a) what drives the early-spring snow ablation in the WRF model? (b) what are the rel-
ative roles of atmospheric forcing and model snow physics? (c) how could the snowpack simulation be 
improved? This study focuses on the Utah mountains, where the aforementioned model ablation bias is the 
most prominent (He, Chen, et al., 2019; Ikeda et al., 2021). The analysis in this study could also shed light 
on diagnosing model ablation biases in other mountainous regions.

In this paper, we describe observational and modeling datasets as well as the method of surface water and 
energy budget analysis in Section  2. We present results and discussions of the mechanisms driving the 
model snow ablation bias in Section 3. We discuss uncertainties and implications for future model improve-
ments in Section 4. Finally, we conclude the study in Section 5.
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2.  Methods and Data Sets
2.1.  SNOTEL Observation

We use the daily SNOTEL measurements of SWE, snow depth, precipitation, and surface temperature at 
804 western U.S. mountain sites (Figure  1), which are operated by the Natural Resources Conservation 
Service (NRCS; Serreze et al., 1999). To minimize the data uncertainty, we adopt the bias-corrected and 
quality-controlled (BCQC) SNOTEL data (available at https://www.pnnl.gov/data-products) developed at 
the U.S. Pacific Northwest National Laboratory (PNNL). The BCQC procedures include removing outliers 
and erroneous measured values (e.g., negative SWE), adjusting erroneous precipitation and temperature 
values, eliminating inconsistent SWE and precipitation values (e.g., SWE exceeds precipitation by 5%), and 
correcting temperature and precipitation (e.g., snowfall under-catch) biases. More details of the BCQC al-
gorithm can be found in Yan et al. (2018) and Sun et al. (2019). Our snow analysis for observations and 
model simulations in this study focuses on the SNOTEL sites over Utah mountains, except for optimizing 
the reference model configuration based on all SNOTEL sites (see Section 2.4.1). We select Utah sites with 
continuous BCQC data during the 2009–2013 water years, which reduces the number of Utah sites from 
131 to 55 in our analysis.

2.2.  WRF 4-km Simulation

We analyze the NCAR convection-permitting (4-km) WRF CONUS modeling product (hereinafter WRF4km; 
Liu et al., 2017, https://rda.ucar.edu/datasets/ds612.0/) to understand its unrealistically fast early-spring 
snow ablation over Utah SNOTEL sites (Ikeda et al., 2021; see also Figure 4a and Figures S5a–S9a in Sup-
porting Information S1). The WRF4km simulation is based on the WRF version 3.4.1 driven by boundary 
conditions from the ERA-Interim reanalysis meteorology (Dee et al., 2011) with spectral nudging. Main 
physics schemes used in WRF4km include the Rapid Radiative Transfer Model for General Circulation 

Figure 1.  The topography (background map) and locations of SNOTEL sites over the Utah mountains (blue dots) and 
the other western U.S. mountains (gray dots). The Utah sites used for in-depth analysis are marked by red dots.

https://www.pnnl.gov/data-products
https://rda.ucar.edu/datasets/ds612.0/
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Models (RRTMG) shortwave and longwave radiation scheme (Iacono et al., 2008), the Yonsei University 
(YSU) planetary boundary layer scheme (Hong et  al.,  2006), the revised Monin–Obukhov surface layer 
scheme (Jimenez et al., 2012), the Thompson cloud microphysics scheme (Thompson & Eidhammer, 2014), 
and the Noah with Multi-Parameterization (Noah-MP) land surface model (LSM; Niu et al., 2011), while the 
cumulus parameterization is de-activated (i.e., convection-permitting). In particular, the rainfall-snowfall 
partitioning is controlled by the cloud microphysics scheme (Thompson and Eidhammer, 2014). The snow 
albedo is determined by the Canadian Land Surface Scheme (CLASS) scheme (Verseghy, 1991) embedded 
in the Noah-MP LSM. More details of the WRF4km simulation can be found in Liu et al. (2017).

2.3.  Noah-MP Model Description

Noah-MP is a state-of-the-art LSM enhanced from the community Noah LSM (Chen & Dudhia, 2001; Chen 
et al., 1996, 1997; Ek et al., 2003) through including physical representations of a separate vegetation canopy 
layer and multi-layer snowpack processes as well as multiple physics options for key land surface processes 
(Niu et al., 2011). Noah-MP has been implemented as a land component of the community WRF mod-
el and the U.S. operational National Water Model. Details of Noah-MP and its snowpack treatment have 
been documented in Niu et al. (2011) and Chen et al. (2014). Here we summarize the key model features 
related to snow processes. Noah-MP partitions rainfall and snowfall based on surface temperature with 
multiple parameterization options. The canopy-snow interception and throughfall processes are accounted 
for, including the evolution of both canopy snow (snowfall loading and unloading, frost, sublimation, and 
melting) and canopy liquid water (rainfall loading and unloading, dew, evaporation, and refreezing; Niu & 
Yang, 2004). The canopy-radiation interaction is treated by the two-stream radiative transfer approximation 
(Niu et al., 2011). Noah-MP simulates up to three ground snowpack layers by accounting for sublimation, 
frost, melting, interlayer movement of meltwater, and layer compaction. The snow albedo is computed by 
either the CLASS scheme (Verseghy, 1991) or the Biosphere-Atmosphere Transfer Scheme (BATS; Dickin-
son et al., 1993), both accounting for the albedo decay due to snow aging. The snow cover fraction on the 
ground is determined by snow density, snow depth, and tunable snow cover parameters (Niu & Yang, 2007).

2.4.  Noah-MP Simulations and Experiment Design

To understand and isolate the causes for the early-spring snow ablation bias in WRF4km, we conduct a 
suite of point-scale Noah-MP offline simulations at SNOTEL sites to compare with WRF4km, including 
one reference simulation (see Section 2.4.1) and five sensitivity simulations (see Section 2.4.2). Table 1 sum-
marizes the key differences in atmospheric forcing and model configurations among these simulations. 
For these Noah-MP offline simulations, we spin up the model for 10 years and output hourly results. We 
use the 30-m land cover data from the 2016 National Land Cover Database (NLCD; https://www.mrlc.gov/
data), which is different from the one used in WRF4km that is based on the 1-km Moderate Resolution 
Imaging Spectroradiometer (MODIS) land cover data (http://www2.mmm.ucar.edu/wrf/users/download/
get_sources_wps_geog.html). Based on our tests, using these two different land type data sets only has 
minor effects on the Noah-MP snow simulations and analyses, and does not contribute to the SWE differ-
ences between WRF4km and Noah-MP offline simulations (not shown), which thus does not change the 
conclusions of this study. Note that there may also be some inconsistency in vegetation type between the 
30-m NLCD data set and the actual field at SNOTEL sites. However, given the good agreement between the 
observed and modeled SWE and snow depth across SNOTEL sites in this study (see below), the use of the 
high-resolution NLCD data set allows the model to accurately simulate the mean effect of vegetation on 
snowpack observed at SNOTEL locations.

2.4.1.  Reference Simulation

To isolate the causes of the snow ablation bias in WRF4km, we compare WRF4km with a reference simu-
lation that is able to accurately capture observed snowpack evolution at SNOTEL sites. We use optimized 
atmospheric forcing (hereinafter the reference forcing) and improved Noah-MP model configuration (here-
inafter the reference configuration) in our reference simulation (hereinafter NoahMP-ref; see also Table 1). 
Specifically, to generate the reference forcing, we first downscale the atmospheric forcing (i.e., precipitation, 
surface temperature, humidity, wind, pressure, shortwave, and longwave downward radiation) from the 

https://www.mrlc.gov/data
https://www.mrlc.gov/data
http://www2.mmm.ucar.edu/wrf/users/download/get_sources_wps_geog.html
http://www2.mmm.ucar.edu/wrf/users/download/get_sources_wps_geog.html
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Simulations Descriptions Atmospheric forcing Noah-MP configuration
Hypothesis for experiment 

design

WRF4km Coupled WRF/Noah-MP 
4-km simulation

4-km WRF simulation Configuration embedded in 
WRF4kma

–

NoahMP-ref Offline Noah-MP simulation 
with reference 
configuration and 
reference forcing

Reference forcingb Reference configurationc Designed to compare with 
WRF4km to test the 
hypothesis that errors 
in snow physics and 
atmospheric forcing in 
WRF4km contribute to 
WRF4km snow ablation 
bias

NoahMP-WRFforc Offline Noah-MP simulation 
with reference 
configuration and 
WRF4km forcing

WRF4km forcing Reference configuration Designed to compare with 
WRF4km and NoahMP-
ref to test the hypothesis 
that errors in snow 
physics and atmospheric 
forcing, respectively, 
contribute to WRF4km 
snow ablation bias

NoahMP-WRFforc-refWind Same as NoahMP-WRFforc 
except the use of 
reference wind forcing

WRF4km forcing with wind 
replaced by reference 
forcing

Reference configuration Designed to compare with 
NoahMP-WRFforc to 
test the hypothesis that 
surface wind error in 
WRF4km contributes to 
WRF4km snow ablation 
bias

NoahMP-WRFforc-refWind-
refSW

Same as NoahMP-WRFforc-
refWind except the use of 
reference downward solar 
radiation forcing

WRF4km forcing with wind 
and downward solar 
radiation replaced by 
reference forcing

Reference configuration Designed to compare with 
NoahMP-WRFforc-
refWind to test the 
hypothesis that 
downward solar radiation 
error in WRF4km 
contributes to WRF4km 
snow ablation bias

NoahMP-ref-windtest Same as NoahMP-ref except 
limiting wind speed to 
≤2 m s−1

Reference forcing with wind 
speed limited to ≤2 m s−1

Reference configuration Designed to compare with 
NoahMP-ref to test 
the hypothesis that 
surface wind error in 
NoahMP-ref contributes 
to NoahMP-ref snow 
ablation bias

NoahMP-ref-windtest-SWtest Same as NoahMP-ref-
windtest except reducing 
downward solar radiation 
by 20%

Reference forcing with wind 
speed limited to ≤2 m 
s−1 and downward solar 
radiation reduced by 20%

Reference configuration Designed to compare with 
NoahMP-ref-windtest 
to test the hypothesis 
that downward solar 
radiation error in 
NoahMP-ref contributes 
to the NoahMP-ref snow 
ablation bias

aNoah-MP configuration embedded in WRF4km: Old Noah-MP version released in WRFv3.4; cloud microphysics-based rain-snow partitioning; CLASS snow 
albedo scheme; other Noah-MP snow-relevant physics options are the same as the reference configuration (see below). bReference forcing: forcing downscaled 
from hourly 0.125° NLDAS-2 data to 90-m spatial resolution with topographic adjustment following Liston and Elder (2006) and Gupta and Tarboton (2016); 
precipitation and surface temperature further scaled to match daily SNOTEL observations. cReference Noah-MP configuration: latest Noah-MP version released 
in WRFv4.3 with updated snow cover parameters; best-performed Noah-MP physics option setup (Table S1 in Supporting Information S1) based on sensitivity 
tests (Figure S1 in Supporting Information S1); additional model enhancements by improving surface roughness length formulation and snow compaction rate 
(Figure S2 and Text S1–S2 in Supporting Information S1).

Table 1 
Model Experiments Designed in This Study
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hourly 0.125° North American Land Data Assimilation System version 2 data (NLDAS-2; Xia et al., 2012) 
to 90-m spatial resolution with topographic adjustments following Liston and Elder (2006) and Gupta and 
Tarboton (2016). Then, we further scale the hourly precipitation forcing by the ratio of daily total precip-
itation from SNOTEL observations to that from the downscaled NLDAS-2 forcing so that the daily total 
precipitation forcing is the same as observations. Similar scaling is also done for hourly temperature forcing 
so that the daily mean temperature forcing is the same as SNOTEL observations.

To generate the reference model configuration, we make four progressive Noah-MP updates in a step-by-
step manner (as shown below) by evaluation against SNOTEL measurements in the western U.S. We use all 
the western U.S. SNOTEL sites (instead of Utah sites only) to assess the reference simulation, because we 
seek to improve the snow-related model processes to allow stronger robustness and broader applicability of 
the community Noah-MP model schemes across different mountain ranges with different snow and climate 
conditions. Qualitative results and conclusions presented in this study are insensitive to the optimization 
of the reference simulation across the broader western U.S. rather than only Utah sites; however, minor 
quantitative uncertainties are introduced (see Section 4 for more discussions).

1.	 �We first use the latest Noah-MP version (https://github.com/NCAR/hrldas) released along with WRF 
version 4.3, where the tunable snow cover parameters are specified as a function of land-cover types to 
mitigate cold temperature bias over snow-covered areas in the WRF simulations (e.g., WRF4km; He, 
Chen, et al., 2019).

2.	 �We then conduct a series of sensitivity simulations by varying Noah-MP physics options for key snow-re-
lated processes, and select the best-performed physics option configuration that agrees best with SNO-
TEL SWE measurements (Figure S1 and Table S1 in Supporting Information S1). Note that the BATS 
snow albedo scheme is used in our best-performed physics option configuration, which is different from 
the one (the CLASS scheme) used in WRF4km. However, changing the BATS to CLASS snow albedo 
scheme does not change SWE simulations at SNOTEL sites in our sensitivity tests (Figure S1 in Support-
ing Information S1).

3.	 �The default surface-layer parametrization in Noah-MP (i.e., the SFCDIF1 scheme) assumes the same 
surface roughness length for scalar (i.e., heat and moisture) and momentum fluxes (such as used in 
WRF4km), whereas previous studies pointed out that these roughness lengths are different due to differ-
ent mechanisms and resistances controlling momentum and heat transfer (Chen & Zhang, 2009; Chen 
et al., 1997; Zilitinkevich, 1995). Thus, we enhance the SFCDIF1 scheme in this study by adding the 
formulation of Zilitinkevich (1995) and Chen and Zhang (2009) for the roughness length of heat and 
moisture fluxes (see Text S1 in Supporting Information S1), which further reduces model SWE under-
estimates over short-vegetated sites (Figure S2 in Supporting Information S1). This is because updating 
the roughness length formulation reduces the below-canopy exchange coefficient for heat and moisture 
and hence decreases upward latent heat flux and downward sensible heat flux at snowpack surface in 
the model (Figure S3 in Supporting Information S1), resulting in reduced snow sublimation and melting.

4.	 �Finally, with all the preceding updates, Noah-MP still underestimates snow depth, although SWE is 
accurately captured (Figure S2 in Supporting Information S1). This suggests that snowpack compaction 
process may be biased in the model. Noah-MP accounts for three snowpack compaction processes driven 
by destructive metamorphism, overburden, and melting, respectively, following the Anderson (1976) pa-
rameterizations. Our sensitivity analyses indicate that snow depth simulations at SNOTEL sites are most 
sensitive to the overburden-induced compaction, which is a function of snow mass load and viscosity 
coefficient (see Text S2 in Supporting Information S1). We also note that the snow viscosity coefficient 
at 0°C, a key parameter controlling the overburden-induced compaction rate, is associated with large 
uncertainty (Anderson, 1976), and its default value (0.8 × 106 kg s m−2) used in Noah-MP is toward the 
lower bound of the suggested range (0.52 × 106–7.62 × 106 kg s m−2) for LSMs (Anderson, 1976; van 
Kampenhout et al., 2017; Sun et al., 1999). Thus, we increase the viscosity coefficient to 1.33 × 106 kg s 
m−2 to best match the SNOTEL observations of snow depth (Figure S2 in Supporting Information S1), 
which thus reduces the overburden-induced snow compaction rate and model underestimates of snow 
depth. We note that this update of snow compaction rate also increases snow cover fraction in Noah-MP 
as a result of larger snow depth.

https://github.com/NCAR/hrldas
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Based on the reference model configuration driven by the reference forcing, NoahMP-ref well reproduces 
the observed SWE and snow depth averaged across SNOTEL sites in the western U.S. (Figures 2a and 2b), 
with annual mean normalized biases (NMB) of 5.8% and 4.1%, root-mean-square-errors (RMSE) of 14 and 
38 mm, and correlation coefficients (r) of 0.998 and 0.998 for SWE and snow depth, respectively. The spatial 
distribution of the model bias also shows high heterogeneity, with <20% NMB over a large portion of sites 
but sizable underestimates of SWE and snow depth at some Utah sites (Figures 2c and 2d) partially due to 
the ablation bias as discussed in Sections 3.5 and 4. Further analyses reveal a negative correlation between 
annual wind speeds and SWE NMB across SNOTEL sites (Figure S4 in Supporting Information S1), with 
SWE biases changing from positive to negative values as wind speeds increase. In this study, we compare 
NoahMP-ref with WRF4km to quantify the effects of atmospheric forcing and land model physics on snow-
pack simulations in Section 3.

2.4.2.  Sensitivity Simulations

To further quantify the role of atmospheric forcing in contributing to the WRF4km snow ablation bias, 
we conduct several additional Noah-MP offline sensitivity simulations using the reference model config-
uration (Section  2.4.1) but driven by different forcing conditions (Table  1). The first sensitivity simula-
tion is the same as NoahMP-ref except using the WRF4km forcing (hereinafter NoahMP-WRFforc). The 
comparison between NoahMP-ref and NoahMP-WRFforc reveals the effect of the WRF4km forcing, while 
the comparison between NoahMP-WRFforc and WRF4km reflects the effect of snow-related parameteriza-
tions in Noah-MP. The second sensitivity simulation (hereinafter NoahMP-WRFforc-refWind) is the same 

Figure 2.  (a) Daily snow water equivalent (SWE) from SNOTEL observations (black) and the Noah-MP reference simulation (NoahMP-ref; red) averaged 
across SNOTEL sites in the western U.S. during 2009–2013 water years. Red and black shaded areas are one-standard-deviations of the site-wise variability. Also 
shown are the normalized mean bias (NMB; mean model bias normalized by observational mean), root-mean-square-error (RMSE), and correlation (r). (b) 
Same as (a), but for daily snow depth. (c) Annual mean NMB of SWE at each SNOTEL site for the Noah-MP reference simulation averaged during 2009–2013 
water years. (d) Same as (c), but for snow depth.
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as NoahMP-WRFforc except replacing the WRF4km wind forcing with the reference wind forcing (i.e., 
wind speed from the reference forcing described in Section 2.4.1). The comparison between NoahMP-WRF-
forc-refWind and NoahMP-WRFforc is used to quantify the effect of wind forcing. The third sensitivity 
simulation (hereinafter NoahMP-WRFforc-refWind-refSW) is the same as NoahMP-WRFforc-refWind ex-
cept further replacing the WRF4km downward solar radiation forcing with the reference solar radiation 
forcing (i.e., solar radiation from the reference forcing described in Section 2.4.1). The comparison between 
NoahMP-WRFforc-refWind-refSW and NoahMP-WRFforc-refWind is used to quantify the effect of solar 
radiation forcing. The fourth sensitivity simulation (hereinafter NoahMP-ref-windtest) is the same as No-
ahMP-ref except limiting wind forcing to ≤2 m s−1 based on preliminary analyses. The comparison between 
NoahMP-ref-windtest and NoahMP-ref is used to investigate the effect of wind forcing on snow bias in 
the reference simulation. The fifth sensitivity simulation (hereinafter NoahMP-ref-windtest-SWtest) is the 
same as NoahMP-ref-windtest except further reducing downward solar radiation forcing by 20% based on 
preliminary analyses. The comparison between NoahMP-ref-windtest-SWtest and NoahMP-ref-windtest is 
used to investigate the effect of solar radiation forcing on snow bias in the reference simulation. Overall, 
the intercomparison among the preceding sensitivity simulations and NoahMP-ref reveals the effect of the 
tested forcing variables on snow simulations (see Section 3).

2.5.  Energy and Water Budget Analysis at Snowpack Surface

To understand the mechanisms driving the WRF4km snow ablation bias, we conduct process-level analyses 
of snow surface energy and water budget at selected Utah SNOTEL sites (Figure 1) based on the afore-
mentioned model simulations (Sections  2.2 and  2.4). We analyze eight representative sites (Table S2 in 
Supporting Information S1) where NoahMP-ref accurately captures observed SWE but WRF4km shows the 
early-spring snow ablation bias. We divide these sites into three types with the ablation bias dominated by 
deficiencies in either atmospheric forcing, or snow-related model parameterization, or both. The criterion 
to categorize the sites dominated by deficiencies in forcing is that NoahMP-ref accurately captures the 
observed early-spring SWE, but WRF4km and NoahMP-WRFforc both show a similar early-spring abla-
tion bias. The criterion to categorize the sites dominated by deficiencies in model snow parameterizations 
is that both NoahMP-ref and NoahMP-WRFforc accurately capture the observed early-spring SWE, but 
WRF4km shows a strong early-spring ablation bias. The criterion to categorize the sites dominated by de-
ficiencies in both forcing and snow parameterizations is that NoahMP-ref accurately capture the observed 
early-spring SWE, and WRF4km shows a strong early-spring ablation bias, with NoahMP-WRFforc per-
forming better than WRF4km but worse than NoahMP-ref. To further understand the possible deficiency 
in the NoahMP-ref configuration and physics, we analyze eight additional sites (Table S2 in Supporting 
Information S1) where NoahMP-ref also shows the early-spring ablation bias. In this study, we focus on the 
period of mid-February to late March (i.e., early spring).

For the snow surface energy balance, Noah-MP accounts for eight major energy fluxes (Figure 3a), includ-
ing downward and upward shortwave (SW) and longwave (LW) radiation, sensible heat (SH), latent heat 
(LH), ground heat (G) flux into snowpack and soil that directly drives snow and soil temperature change 
and melting/refreezing, and heat advected to the surface by precipitation (PH) due to temperature differ-
ences between the surface and the air, based on the following energy balance equation:

   netRad PH SH LH G� (1)

   down up down upnetRad SW SW LW LW� (2)

where netRad is the net surface radiation. More details about SH calculations in Noah-MP are provided Text 
S1. Noah-MP simulates these fluxes over both bare and vegetated portions of each model grid based on the 
vegetation fraction (FVEG). For each flux term, the resulting grid-mean value (Fgrid) at the snowpack-air 
interface is an average of the values over bare and vegetated (i.e., below-canopy) grounds weighted by FVEG 
as follows:

     grid FVEG 1 FVEGv bF F F� (3)
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where F represents one of the aforementioned fluxes (i.e., SW, LW, PH, SH, LG, or G), and the subscripts 
b and v indicate fluxes over bare and vegetated grounds, respectively. As a result, the snowpack evolution 
in Noah-MP is driven by the grid-mean surface fluxes (Fgrid), which are the results presented in the energy 
budget analysis (Sections 3.2–3.5). We do not include the PH term in our analysis, due to its rather small 
contribution to total surface energy budget (Chen et al., 2014). In Noah-MP, positive netRad indicates net 
downward radiative flux from the air to the ground, while positive SH and LH indicate upward heat fluxes 
from the ground to the air. Positive G indicates downward heat flux from the snowpack surface into under-
lying snow and soil layers.

For the snow surface water balance, Noah-MP account for five major water fluxes (Figure  3b), includ-
ing drip of canopy-intercepted snowfall (Qdrip), throughfall of snowfall (Qthrough), frost (Qfrost), sublimation 
(Qsub), and melting (Qmelt), which together lead to net SWE change (ΔSWE), based on the following water 
balance equation:

    drip through frost sub meltΔSWE Q Q Q Q Q� (4)

We note that the ground snowfall presented in the water budget analysis (Sections  3.2–3.5) is the sum 
of Qdrip and Qthrough, while the total snowfall forcing presented in the forcing analysis (Section 3.1) is the 
above-canopy snowfall determined by total precipitation and rainfall-snowfall partitioning ratios. The dif-
ference between the above-canopy snowfall and the sum of Qdrip and Qthrough is the canopy-intercepted snow 
that does not reach the ground snowpack, including the intercepted snow staying at the canopy surface and 
related loss through sublimation of snow ice and evaporation of melted snow at the canopy surface.

3.  Results and Discussions
3.1.  Overall Site-Averaged Analysis

Figure 4 shows the observed and simulated daily atmospheric forcing and SWE evolution averaged across 
Utah SNOTEL sites. During the snow accumulation from November to early March, WRF4km underesti-
mates SWE by up to ∼100 mm (Figure 4a), which generally follows the trend of snowfall underestimates 
(Figure 4b), whereas NoahMP-ref accurately reproduces the observed SWE accumulation mainly due to the 
use of observed precipitation and temperature as forcing. The WRF4km snowfall underestimate is dominat-
ed by the total precipitation underestimate (Figures 4a and 4b), while the ratio of snowfall over total precipi-
tation is almost the same for NoahMP-ref and WRF4km (Figure 4b). This suggests consistent rainfall-snow-
fall partitioning determined by the WRF4km cloud microphysics (Thompson & Eidhammer,  2014) and 
the temperature-based scheme (Jordan, 1991) in NoahMP-ref. WRF4km tends to have small (≤1°C) cold 
biases in surface air temperature during the accumulation period (Figure 4c), which does not contribute to 
the SWE accumulation bias. The systematically higher surface downward solar radiation (by ∼20 W m−2; 

Figure 3.  Demonstration of snow surface energy (a) and water (b) balance treatments in Noah-MP. (a) Energy fluxes over bare (“b” in the subscript) and 
vegetated (“v” in the subscript) parts of a model grid with a vegetation fraction (FVEG), including shortwave (SW) and longwave (LW) radiation, latent heat 
(LH), sensible heat (SH), heat into snowpack and soil (G) to drive melting, and heat advected to the surface by precipitation (PH) due to temperature differences 
between the surface and the air. (b) Snow water fluxes (Q) for total snowfall, drip from canopy-intercepted snow, snow throughfall, frost, sublimation, and 
melting, which together lead to net SWE change.
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Figure 4d) and wind speed (by ∼2 m s−1; Figure 4f) during the accumulation period in WRF4km compared 
to NoahMP-ref may contribute to the WRF4km SWE underestimate through enhanced snowpack heating 
and sublimation. However, due to the very low surface temperature (below freezing point) during Novem-
ber to early March (Figure 4c), the contribution of higher downward solar radiation and wind speed to the 
SWE bias is small in this period.

In early March, the WRF4km SWE suddenly starts to decrease and continues decreasing throughout the 
rest of spring, whereas the observed SWE keeps a slight increase until mid-April (Figure 4a). This unob-
served early-spring snow ablation bias in WRF4km is also consistent across each individual year (Figures 
S4–S8 in Supporting Information  S1), which is not caused by the precipitation bias, since the observed 
precipitation trend in March is well captured by WRF4km (Figure 4a). On the other hand, the consistently 
stronger surface downward solar radiation (by up to 50 W m−2; Figure 4d) and wind speed (by ∼2 m s−1; 
Figure 4f) during March can contribute to the ablation bias in WRF4km, as the surface temperature has in-
creased to ∼0°C (around the freezing point) in this period. Note that the preceding results are averages over 
all Utah SNOTEL sites, which may smooth out ablation bias signals and details at individual sites. Thus, to 
gain a more mechanistic understanding of the specific mechanisms causing the WRF4km ablation bias, we 
conduct detailed energy and water budget analyses at several typical sites in Sections 3.2–3.4. We note that 
NoahMP-ref also shows a slight SWE drop starting in early March, suggesting that the ablation bias also 
exists at some sites for NoahMP-ref. Thus, we also conduct detailed analyses at selected sites in Section 3.5 
to understand the deficiency in NoahMP-ref.

3.2.  Sites With Ablation Bias Driven by Atmospheric Forcing

Figure 5 shows the early-spring snow surface energy and water budget analysis for a typical SNOTEL site 
(Donkey Reservoir), where NoahMP-ref accurately captures the observed SWE accumulation during No-
vember to April but WRF4km and NoahMP-WRFforc both show a strong ablation starting in late Febru-
ary and continuing throughout March (Figure 5a). The similar ablation behaviors in WRF4km and No-
ahMP-WRFforc and their large differences from NoahMP-ref indicate that the ablation bias in WRF4km 
at this site is mainly driven by differences in the atmospheric forcing used in NoahMP-ref and WRF4km, 

Figure 4.  Daily mean atmospheric forcing and SWE averaged across 55 Utah SNOTEL sites during 2009–2013 water years. (a) Total precipitation from 
SNOTEL observations (gray solid line) and 4-km WRF simulations (gray dashed line; WRF4km), as well as SWE from SNOTEL observations (black), Noah-MP 
reference simulations (blue; NoahMP-ref), and WRF4km (red). (b) Snowfall (solid lines) and the ratio of snowfall over total precipitation (dashed lines) from 
NoahMP-ref (blue) and WRF4km (red). (c) Surface temperature from SNOTEL observations (blue; used to drive NoahMP-ref as forcing) and WRF4km (red) as 
well as their differences (WRF4km minus observation). (d) Downward shortwave (SW) radiation from NoahMP-ref (blue) and WRF4km (red) as well as their 
differences (WRF4km minus NoahMP-ref). (e) Same as panel (d), but for downward longwave (LW) radiation. (f) Same as panel (d), but for wind speed.
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rather than differences in snow-related parameterizations and model configurations between them. Al-
though WRF4km slightly underestimates the observed precipitation by <10% (Figure 5a), this precipitation 
underestimate does not contribute to the ablation from late February to late March in WRF4km. Further 
water budget analysis by comparing NoahMP-ref and WRF4km confirms that the early-spring SWE de-
crease is caused by several strong melting events in WRF4km rather than biases in snowfall or sublimation 
(Figure 5b). Each of these events has continuous snowmelt of 30–50 mm in less than 10 days.

Subsequent energy budget analyses reveal that, compared to NoahMP-ref, the strong melting events in 
WRF4km are primarily driven by the enhanced downward sensible heat flux (by up to 30 W m−2) and the 
enhanced net radiation (by up to 60 W m−2) at the snowpack surface, which both lead to a stronger heat flux 
into the snowpack directly driving the melting (Figure 5c). Particularly, the contribution of the enhanced 
downward sensible heat flux is more dominant in the melting event before early March, which is due to 
the 3–10 times higher surface (below-canopy) heat exchange coefficient induced by substantially stronger 
surface winds (by 2–9 m s−1) in WRF4km (Figure 5d), instead of the increased air-to-ground temperature 
gradient (Figure 5e). On the other hand, the contribution of the enhanced net radiation increases since 
early March and becomes dominant in the late-March melting event (Figure 5c). This is because of the en-
hanced ground absorption of solar radiation, which is driven by both the systematically higher downward 
solar radiation forcing (by 40–80 W m−2) and stronger melting-induced snow cover reductions (by up to 
50%) in WRF4km, further reducing ground albedo and hence triggering a positive albedo feedback (Qu & 
Hall, 2006). In addition, energy and water budget analyses of NoahMP-WRFforc show very similar results 
and mechanisms driving the strong early-spring snow melting (Figure S10 in Supporting Information S1).

To further validate our explanation that the consistently higher wind speed and enhanced downward solar 
radiation forcing in WRF4km compared to NoahMP-ref are the drivers for the unobserved early-spring snow 

Figure 5.  Energy and water budget analyses for the Donkey Reservoir SNOTEL site. (a) Daily precipitation from observations (gray solid line) and 4-km WRF 
simulations (gray dashed line; WRF4km), as well as SWE from observations (black), Noah-MP reference simulations (blue; NoahMP-ref), Noah-MP simulations 
driven by 4-km WRF forcing (green; NoahMP-WRFforc), and WRF4km (red). Analyses in panels (b)–(f) are conducted for the time period between two gray 
vertical dashed lines. (b) Differences between WRF4km and NoahMP-ref (the former minus the latter) in snow budget components (water accumulated since 
February 15), including SWE (red), snowfall (blue), net sublimation (green), and snowmelt (orange). Shaded time periods in (b)–(f) indicate melting events in 
WRF4km. (c) Same as panel (b), but for differences in daily mean net radiation (orange), sensible heat (blue), latent heat (green), and heat into snowpack (red) 
at snowpack surface. See text for definitions of the sign of each flux component. The melting curve (gray line) is shown as a reference. (d) Same as panel (b), but 
for differences in daily mean wind speed forcing (blue) and below-canopy sensible heat (SH) exchange coefficient (red; note that this difference is computed as 
a ratio of WRF4km divided by NoahMP-ref). The sensible heat curve (gray line) is shown as a reference. (e) Same as panel (b), but for differences in daily mean 
temperature gradient from air to ground (orange). (f) Same as panel (b), but for differences in daily mean downward shortwave (SW) radiation (orange), ground 
absorbed SW radiation (red), and ground snow cover (blue). The ground net radiation (gray line) is shown as a reference.
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melting at this site, we compare NoahMP-WRFforc with NoahMP-WRFforc-refWind and NoahMP-WRF-
forc-refWind-refSW. The results indicate that replacing the WRF4km wind forcing with the NoahMP-ref 
wind forcing substantially reduces the below-canopy heat exchange coefficient and hence downward sensi-
ble heat flux to snowpack surface (Figure 6c), while replacing the WRF4km downward solar radiation with 
that from the NoahMP-ref forcing further reduces the ground absorption of solar radiation (Figure 6d). 
These two factors together remove the enhanced melting during late-February to late-March (Figure 6b) 
and hence the strong snow ablation bias (Figure 6a) in the model, which confirms the mechanisms.

We also apply the aforementioned analyses to other sites with the same type of ablation bias (i.e., similar 
unobserved early-spring ablation in both WRF4km and NoahMP-WRFforc but not in NoahMP-ref). These 
analyses all have consistent results and conclusions with those at the Donkey Reservoir site shown above 
in terms of the causes of the ablation bias in WRF4km (Figures S11–S16 in Supporting Information S1). 
We note that even among the sites where precipitation underestimates exist in WRF4km, using wind speed 
and downward solar radiation from the NoahMP-ref forcing is effective to mitigate the early-spring melting 
events, while the remaining SWE underestimate is explained by the precipitation bias.

Figure 6.  Sensitivity analyses at the Donkey Reservoir SNOTEL site for Noah-MP reference simulations (blue; NoahMP-ref), Noah-MP simulations driven 
by 4-km WRF forcing (green; NoahMP-WRFforc), Noah-MP simulations driven by wind speed from the reference forcing and other forcings from 4-km 
WRF simulations (orange; NoahMP-WRFforc-refWind), and Noah-MP simulations driven by wind speed and downward solar radiation from the reference 
forcing and other forcings from 4-km WRF simulations (magenta; NoahMP-WRFforc-refWind-refSW). (a) Daily SWE from observations (black), NoahMP-
ref, NoahMP-WRFforc, NoahMP-WRFforc-refWind, and NoahMP-WRFforc-refWind-refSW simulations (b) Differences between sensitivity simulations (i.e., 
NoahMP-WRFforc, NoahMP-WRFforc-refWind, or NoahMP-WRFforc-refWind-refSW) and NoahMP-ref (the former minus the latter) for SWE (dashed lines) 
and snowmelt (solid lines) accumulated since February 15. (c) Same as panel (b), but for differences in daily mean below-canopy sensible heat flux (solid lines; 
W m−2) and sensible heat (SH) exchange coefficient (multiplied by 10; dashed lines; expressed as ratios of sensitivity simulations divided by NoahMP-ref). (d) 
Same as panel (b), but for differences in daily mean ground absorbed shortwave (SW) radiation (W m−2).
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3.3.  Sites With Ablation Bias Driven by Model Snow Parameterizations

Figure 7 shows early-spring snow surface energy and water budget analyses for a typical site (Long Valley 
JCT), where both NoahMP-ref and NoahMP-WRFforc accurately capture the observed SWE accumulation 
during November to April but WRF4km, albeit with small (∼5%) precipitation bias, shows strong abla-
tion starting around mid-February and continuing until mid-March (Figure 7a). The similarly good perfor-
mance of NoahMP-ref and NoahMP-WRFforc suggests that the WRF4km forcing is not the driver of the 
WRF4km ablation bias at the site, whereas the difference between NoahMP-WRFforc and WRF4km is very 
likely due to differences in Noah-MP snow-related parameterizations. Water budget analyses that compare 
NoahMP-ref and WRF4km show that the early-spring ablation in WRF4km is still due to multiple strong 
melting events, with accumulated snowmelt of up to 100 mm within about 1 week for each event (Fig-
ure 7b). The strong melting is caused by the substantially enhanced surface net radiation and hence heat 
flux into snowpack (Figure 7c). This is different from the results in Section 3.2, where both enhanced net 
radiation and downward sensible heat flux contribute to the ablation bias. The enhanced net radiation in 
WRF4km at this site (Long Valley JCT) is dominantly driven by the lower surface albedo induced by strong-
er melting-induced snow cover reductions and thus higher ground absorption of solar radiation (Figure 7f). 
The significantly lower (by up to 80%) snow cover in WRF4km than NoahMP-ref is attributable to their 
differences in the Noah-MP snow parameterizations (Section 2.4.1). Specifically, the updated snow cover 
parameters, the improved surface roughness length, and the reduced snow compaction rate in NoahMP-ref 
all favor a higher snow cover compared with the earlier version of the Noah-MP snow parameterizations in 
WRF4km. The lower snow cover in WRF4km leads to a lower surface albedo and triggers a positive albedo 
feedback, highlighting the importance of snow cover and albedo feedback in SWE simulations. We note that 
the WRF4km downward solar radiation is slightly larger (∼25 W m−2) than NoahMP-ref, which, however, 
is not the main driver for the ablation bias because NoahMP-WRFforc using the WRF4km forcing does not 
show the ablation bias (Figure 7a).

Applying the preceding analyses to other sites with the same type of ablation bias (i.e., unobserved ear-
ly-spring ablation in WRF4km but not in NoahMP-ref or NoahMP-WRFforc), we find consistent results 
and conclusions with those at the Long Valley JCT site shown above in terms of the causes of the WRF4km 
ablation bias (Figures S17 and S18 in Supporting Information S1). Even though the WRF4km precipitation 
is underestimated at some of those sites, simulations using the updated Noah-MP snow parameterizations 
(i.e., NoahMP-WRFforc) are still able to avoid the early-spring ablation bias (Figure S18a in Supporting 

Figure 7.  Same as Figure 5, but for the Long Valley SNOTEL site.
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Information S1). This again suggests the dominant role of the model snow parameterizations in controlling 
the ablation behavior at these sites.

3.4.  Sites With Ablation Bias Driven by Both Forcing and Snow Parameterizations

Using the similar energy and water budget analyses in Sections 3.2 and 3.3, we investigate the sites where 
NoahMP-ref reproduces the observed SWE accumulation, and WRF4km shows the ablation bias during 
mid-February to late-March, while NoahMP-WRFforc performs better than WRF4km with a smaller abla-
tion bias. Figure 8 shows the analysis at a typical site (Vernon Creek) of this kind. The early-spring SWE 
improvement in NoahMP-WRFforc compared to WRF4km indicates the effect of Noah-MP snow parame-
terization updates in the reference model configuration on mitigating the ablation bias, while the remaining 
ablation bias in NoahMP-WRFforc compared to NoahMP-ref reveals the effect of the WRF4km forcing that 
favors the ablation bias (Figure 8a). We note that the observed precipitation is reproduced by WRF4km 
with <5% bias (Figure 8a). Similar to the results in Section 3.3, the WRF4km ablation at this site is due to a 
series of strong melting events in February and March (Figure 8b), which are driven by the significantly en-
hanced ground solar radiation absorption (Figure 8c). This enhanced ground absorption of solar radiation 
in WRF4km relative to NoahMP-ref is primarily due to both the higher downward solar radiation forcing 
(Figure 8f) and much less snow cover (by up to 100%) during melting (Figure 8f) that is caused by the dif-
ferences in Noah-MP snow parameterizations as explained in Section 3.3.

On the other hand, NoahMP-WRFforc, albeit with a better SWE simulation than WRF4km due to the up-
dates in Noah-MP snow parameterizations, still shows an ablation bias from mid-March to early April (Fig-
ure 9a). Analyses by comparing NoahMP-WRFforc and NoahMP-ref indicate that the ablation is driven by 
strong melting events (Figure 9b) contributed from the enhanced surface net radiation and downward sen-
sible heat flux to snowpack surface (Figure 9c). The enhanced downward sensible heat flux mainly results 
from the higher (by up to a factor of 3) surface heat exchange coefficient induced by stronger (by up to 6 m 
s−1) winds in the WRF4km forcing (Figure 9d). The enhanced surface net radiation is caused by the stronger 
ground absorption of solar radiation driven by the higher (by up to 120 W m−2) downward solar radiation 
in the WRF4km forcing (Figure 9f). Further sensitivity analyses confirm that replacing the WRF4km wind 
and downward solar radiation forcing with those from the NoahMP-ref forcing removes the early-spring ab-
lation bias in NoahMP-WRFforc (Figure S19a in Supporting Information S1), mainly through reducing the 
ground solar radiation absorption (Figure S19d in Supporting Information S1) and the downward sensible 

Figure 8.  Same as Figure 5, but for the Vernon Creek SNOTEL site.
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heat flux to snowpack surface (Figure S19c in Supporting Information S1). Here, the mechanisms of the 
WRF4km forcing causing the ablation bias are consistent with those explained in Section 3.2.

Therefore, the early-spring WRF4km ablation bias is driven by biases in both Noah-MP snow parameteri-
zations and atmospheric forcing (wind and downward solar radiation) at this site (Vernon Creek). We also 
apply the preceding analyses to other sites with the same bias type (i.e., unobserved early-spring ablation in 
WRF4km and NoahMP-WRFforc but not in NoahMP-ref, with NoahMP-WRFforc performing better than 
WRF4km). The results and conclusions (Figures S20–S23 in Supporting Information S1) regarding the caus-
es of the early-spring WRF4km ablation bias are consistent with those at the Vernon Creek site presented 
above, even at sites with nontrivial precipitation underestimates in WRF4km.

3.5.  Sites With Ablation Bias in the Reference Simulation

We notice that the unobserved early-spring ablation also exists in NoahMP-ref at some SNOTEL sites, 
which may reflect possible remaining deficiencies in the NoahMP-ref model physics and/or forcing. Thus, 
for those sites, we conduct similar energy and water budget analyses as done in Sections 3.2–3.4 to explore 
the causes. Figure 10 shows the analysis at a typical site (Rock Creek), where SWE starts to drop substantial-
ly in late February in NoahMP-ref which is not seen in observations (Figure 10a). This is driven by several 
strong melting events in NoahMP-ref during late February to late March (Figure 10b), which mainly results 
from the high downward sensible heat flux to snow surface to provide heat into snowpack that drives the 
melting (Figure 10c). The peaks of the downward sensible heat flux correspond well with the peaks of wind 
speed and below-canopy heat exchange coefficient (Figure 10d), suggesting a similar mechanism causing 
the WRF4km ablation (Section 3.2) where strong winds lead to enhanced sensible heat exchange coefficient 
and hence sensible heat flux. The positive air-to-ground temperature gradient determines the downward 
direction of the sensible heat flux (Figure 10e). We find that the ground net radiation is mostly negative in 
late February to late March (Figure 10c), indicating the ground losing net radiative energy during most of 
this period and hence a rather small contribution of surface radiation to the enhanced melting at this site. 
Further sensitivity analyses show that limiting the wind forcing to ≤2 m s−1 substantially reduces the be-
low-canopy heat exchange coefficient and hence downward sensible heat flux to snow surface (Figures 11c), 
leading to a much weaker melting (Figures 11b) and thus the removal of the ablation bias during late Feb-
ruary to late March (Figures 11a). The air-to-ground temperature gradient does not show big changes in 
the sensitivity test. However, this sensitivity analysis does not necessarily mean that the NoahMP-ref wind 

Figure 9.  Same as Figure 8, but for analyses of the differences between NoahMP-WRFforc and NoahMP-ref.
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forcing is biased high, since limiting the wind speed to ≤2 m s−1 may not be realistic and the representation 
of other relevant processes such as the below-canopy turbulence may also have errors (see Section 4 for 
more discussions). This at least highlights the important role of wind forcing and/or wind-relevant pro-
cesses in driving the early-spring ablation bias in NoahMP-ref. The preceding mechanisms and conclusions 
are also true for other sites with the similar bias patterns (Figures S24–S29 in Supporting Information S1).

Besides, we find that in addition to the downward sensible heat, the strong ground absorption of solar ra-
diation at some sites can also have important contributions to the enhanced snow melting in NoahMP-ref 
(Figure 12 and Figures S30–S35 in Supporting Information S1). Sensitivity analyses indicate that reduc-
ing wind speed at these sites only partially reduces the early-spring ablation bias in NoahMP-ref, whereas 
further reducing the downward solar radiation forcing by 20% can remove the ablation bias during late 
February to late March due to the decrease of ground solar radiation absorption (Figure 13 and Figures 
S30–S35 in Supporting Information S1). Again, this sensitivity analysis does not necessarily mean that the 
NoahMP-ref downward solar radiation forcing is biased high, because other relevant processes such as the 
canopy radiative transfer and/or snow albedo parameterizations may also have errors (see Section 4 for 
more discussions).

4.  Uncertainty and Implication for Model Improvement
Our analyses of the WRF4km ablation bias in this study rely on the comparison with the reference sim-
ulation (NoahMP-ref) that reproduces the observed SWE evolution. This raises a few cautions. First, No-
ahMP-ref accurately captures the observed SWE at most sites, but it might be due to the offset of model bias-
es in different processes. We note that systematical Noah-MP model assessments and intercomparison with 
other LSMs from previous studies (e.g., Chen et al., 2014; Xiao et al., 2021) demonstrate a relatively good 
performance of Noah-MP in snow simulations, providing confidence in the accuracy of most Noah-MP 
model processes. However, further model improvements in snow-relevant processes are still needed, such 

Figure 10.  Energy and water budget analyses for Noah-MP reference simulations (NoahMP-ref) at the Rock Creek SNOTEL site. (a) Daily precipitation from 
observations (gray) and SWE from observations (black) and NoahMP-ref (blue). (b) SWE bias (red; NoahMP-ref minus observation) and NoahMP-ref simulated 
snowfall (blue), net sublimation (green), and snowmelt (orange) accumulated since February 15. Shaded time periods in (b)–(f) indicate melting events in 
NoahMP-ref. (c) NoahMP-ref simulated daily mean net radiation (orange), sensible heat (blue), latent heat (green), and heat into snowpack (red) at snowpack 
surface. The melting curve (gray line) is shown as a reference. (d) NoahMP-ref simulated daily mean wind speed (blue) and below-canopy sensible heat (SH) 
exchange coefficient (red). The sensible heat curve (gray line) is shown as a reference. (e) Same as panel (d), but for temperature gradient from air to ground 
(orange). (f) NoahMP-ref simulated daily mean ground absorbed shortwave (SW) radiation (red), net total radiation (gray), snow cover fraction (blue), and 
downward SW radiation forcing (orange).
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as parameterizations of snow albedo and canopy-snow processes (see below for more discussions). Second, 
the optimization of NoahMP-ref heavily relies on the NLDAS-2 data downscaled from the NLDAS-2 data 
to 90-m resolution with both topographic adjustments and the scaling of precipitation and temperature 
to match observations, but these forcing conditions may still have errors. We note that substantial efforts 
have been made to improve the NLDAS-2 forcing through assimilating ground and satellite observations, 
which shows a reasonably good performance and hence has been widely used (Xia et al., 2012). The forcing 
downscaling procedure by accounting for topography also follows the widely used methodology proposed 
by Liston and Elder (2006) and Gupta and Tarboton (2016), which demonstrates sufficient accuracy. Never-
theless, without comprehensive in-situ measurements of the forcing variables (particularly wind and solar 
radiation), it is difficult to conduct systematic evaluation of the NoahMP-ref and WRF4km forcing. This fur-
ther calls for more meteorological observation networks (e.g., for wind and solar radiation) over the western 
U.S. mountain ranges to facilitate future snow analysis in these regions. Even though some SNOTEL sites 
are enhanced with wind speed and/or solar radiation measurements, those data are not available for the 
Utah sites during the time period analyzed in this study. Some previous studies (e.g., He, Chen, et al., 2019; 
Lundquist et al., 2019) also demonstrated the value of using the gridded convection-permitting modeling 
products as forcing for simulating snowpack in western U.S. complex-terrain mountain ranges.

Despite those uncertainties, the comparison between WRF4km and NoahMP-ref still sheds light on the 
important roles of wind and downward solar radiation forcing as well as snow cover reduction in causing 
the early-spring ablation bias in WRF4km (Sections 3.2–3.4). Moreover, the suite of sensitivity analyses by 

Figure 11.  Sensitivity analyses at the Rock Creek SNOTEL site for Noah-MP reference simulations (blue; NoahMP-ref) and Noah-MP simulations driven by 
the reference forcing but with wind speed forcing limited to ≤2 m s−1 (orange; NoahMP-ref-windtest). (a) Daily precipitation from observations (gray) and SWE 
from observations (black), NoahMP-ref, and NoahMP-ref-windtest. (b) SWE bias (dashed lines; model minus observation) and simulated snowmelt (solid lines) 
accumulated since February 15 from NoahMP-ref and NoahMP-ref-windtest. (c) Same as panel (b), but for daily mean below-canopy sensible heat (solid lines) 
and exchange coefficient (dashed lines; scaled by 1,000). (d) Same as panel (b), but for daily mean ground absorbed shortwave (SW) radiation.
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varying wind and solar radiation forcing and model snow parameterizations further confirm the proposed 
mechanisms (Sections 3.2–3.4), which provides additional assurance of the quality of our conclusions. The 
surface wind bias in WRF4km suggests potential model deficiencies in surface and planetary boundary 
layer parameterizations, while the bias in downward surface solar radiation points toward potential model 
weakness in cloud microphysics and/or canopy processes. This provides implications for future improve-
ments of WRF model physics and configurations. We should caution that although our results reveal the 
dominant role of wind and solar radiation in driving the strong melting, it does not imply that precipitation 
and temperature are not important. Instead, precipitation and temperature are two major drivers of SWE 
evolution. However, in this study, the early-spring WRF4km ablation bias occurs even without noticeable 
model biases in precipitation and surface temperature.

On the other hand, the analysis of the ablation bias in NoahMP-ref (Section 3.5) suggests that reducing 
wind and downward solar radiation in the reference forcing can remove the bias via decreasing downward 
sensible heat flux and ground solar radiation absorption. However, this does not necessarily mean that the 
wind and solar radiation forcing are overestimated in the reference forcing. For example, limiting the wind 
forcing to ≤2 m s−1 in the sensitivity analysis is a very strong constraint that may not be realistic. Thus, in 
addition to the possible bias in atmospheric forcing, the NoahMP-ref bias analysis also implies possible 
deficiencies in Noah-MP physics. For instance, the canopy-wind interaction and below-canopy turbulence 
calculations may be biased, while a stronger aerodynamic resistance to sensible heat throughout the cano-
py could achieve a similar effect of reducing wind forcing on mitigating the ablation bias. In a companion 
work (Abolafia-Rosenzweig et al., 2021), we are improving the Noah-MP canopy turbulence scheme and 
test its impact on snowpack simulations. Besides, the canopy radiative transfer process along with canopy 
properties (e.g., leaf area index, canopy height and vegetation cover) may also be biased in the model, 
while a stronger blocking of downward solar radiation during the canopy radiative transfer could achieve 
a similar effect of decreasing solar radiation forcing on reducing the ablation bias. Previous studies (e.g., 
Chen et al., 2014; Essery et al., 2009) have suggested that canopy processes (e.g., below-canopy turbulence, 
radiative transfer, and interception) are among the most important uncertainty sources affecting snowpack 
simulations in LSMs. Furthermore, snow albedo bias in Noah-MP may also contribute to the bias in ground 
solar radiation absorption that drives the early-spring ablation bias. Several studies have highlighted the 
important role of snow albedo in the uncertainty of Noah-MP snowpack simulations (e.g., Chen et al., 2014; 
He, Chen, et al., 2019; Jiang et al., 2020). One particular complication in snow albedo modeling is dust 
deposition on snowpack in the western U.S., which significantly reduces snow albedo during dust events 

Figure 12.  Same as Figure 10, but for the Smith and Morehouse SNOTEL site. Shaded time periods in (b)–(f) indicate melting events in NoahMP-ref.
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(Liou et al., 2014; Painter et al., 2018). This process, however, is not explicitly represented in Noah-MP and 
will be investigated in our future study. In an on-going work, we are improving the snow albedo scheme in 
Noah-MP using in-situ surface spectral radiation measurements over a Colorado mountain.

Overall, the analysis in this study reveals that deficiencies in atmospheric forcing and/or model snow phys-
ics lead to an excess of energy being input to the simulated snowpack, initiating the unobserved early-spring 
snow melting. Such melting further reduces the snow cover, substantially increases grid-scale surface ab-
sorption of solar radiation, and hence further accelerates the melting. This highlights the importance of 
snow albedo feedback in causing the rapid snow melting during early spring.

Snowpack simulations may be dominated by different model processes or parameters (Sun et al.,  2019) 
over different climate regimes. As a result, the reference model configuration optimized by using the entire 
western U.S. SNOTEL measurements may not be optimal for Utah simulations (as partly reflected in Fig-
ure 4a) and may introduce uncertainty to our analysis. We conducted additional sensitivity tests by further 
tuning snow-related model parameters to minimize discrepancies relative to observations averaged over the 
Utah sites, which however do not show significant improvements compared to the reference simulation. 
This is probably due to potential intrinsic deficiencies in model physics and representations of snow albedo 
and canopy/vegetation characteristics and processes (e.g., canopy radiative transfer, turbulence, and inter-
ception) as discussed above. Comprehensive diagnosis and improvement of these Noah-MP processes are 
outside the scope of this study and require future investigation.

Figure 13.  Same as Figure 11, but for the Smith and Morehouse SNOTEL site. Also shown are the results from Noah-MP simulations driven by the reference 
forcing but with wind speed forcing limited to ≤2 m s−1 and downward solar radiation forcing reduced by 20% (magenta; NoahMP-ref-windtest-SWtest). The 
sensible heat (SH) exchange coefficient in panel (c) is scaled up by 1000.
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Moreover, our assessment of the site features (e.g., vegetation type and topography) does not reveal any 
distinct vegetation or topographic patterns related to the ablation bias. It will be useful, in future work, 
to extend the analysis conducted here to the entire western U.S. mountain ranges, which provides an op-
portunity to more comprehensively investigate the site characteristics related to the WRF4km early-spring 
snow ablation bias. Although we use the very high-resolution (30-m) NLCD vegetation type and USGS 
DEM topography datasets in the simulations, attempting to capture the real site condition, model errors in 
representing canopy properties (e.g., canopy height and leaf area index) and related processes (e.g., canopy 
radiative transfer, turbulence, and snow interception) may still contribute to the ablation bias. Indeed, as 
discussed above, changes to atmospheric forcing (i.e., solar radiation and wind speeds) in NoahMP-ref may 
improve model performance by compensating for errors caused by vegetation/canopy misrepresentation or 
deficient parameterizations.

5.  Conclusions
In this study, we conducted process-level snowpack analyses of the convection-permitting (4-km) NCAR 
WRF CONUS simulations (WRF4km) at Utah SNOTEL sites to understand the mechanisms causing the 
unobserved strong early-spring snow ablation in WRF4km. To assist in the snow ablation analysis, we also 
conducted a suite of Noah-MP simulations for intercomparison with WRF4km. The analysis further showed 
important implications for future model improvements. Overall, our main conclusions are as follows:

1.	 �The unobserved strong snow ablation during early spring (mid-February to late-March) in WRF4km 
over Utah mountains is driven by multiple strong melting events. The melting events are mainly caused 
by both the enhanced downward sensible heat flux to snowpack surface and the enhanced ground ab-
sorption of solar radiation in WRF4km. Their relative contributions vary across different sites and time 
periods. In general, the contribution of the enhanced downward sensible heat flux tends to be more 
significant before early March, while the contribution of the enhanced ground solar radiation absorption 
increases from February to March and tends to be dominant after early March.

2.	 �The enhanced downward sensible heat flux to snow surface primarily results from the enhanced be-
low-canopy heat exchange coefficient induced by strong surface winds in WRF4km. The enhanced 
ground absorption of solar radiation in WRF4km is due to both strong downward surface solar radiation 
and strong melting-induced snow cover reduction caused by the earlier version of Noah-MP snow-re-
lated parameterizations and parameters used in WRF4km. The increasing importance of the enhanced 
ground solar radiation absorption from February to April and the associated temporal variation are dom-
inated by the substantial snow cover reduction during melting, which decreases surface albedo and 
triggers a positive albedo feedback that further accelerates melting.

3.	 �The early-spring ablation bias in the reference Noah-MP simulation is also caused by strong melting 
events that result from strong downward sensible heat flux to snow surface and/or ground absorption 
of solar radiation. This suggests possible biases in the wind and solar radiation forcing, and/or potential 
deficiencies in Noah-MP snow-related physics, including representations of below-canopy turbulence, 
canopy radiative transfer, snow interception by canopy, and snow albedo. The analysis and methodology 
in this study can be applied to diagnosing model snow ablation biases over other regions, and shed light 
on possible directions for future WRF and Noah-MP model improvements.
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