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Atmospheric Science

Understanding 21st Century Hydroclimatic Trends in Western USA Mountain

Ranges using Variable-Resolution CESM

Abstract

Mountains have historically functioned as both natural dams and water towers as they block at-
mospheric moisture transport and store it in the form of snowpack. They are also unique natural
sentinels of climate change with high susceptibility to fluctuations in radiation, surface tempera-
ture, and moisture concentrations. The nonlinear atmosphere-land interactions between the major
mountain hydroclimate variables such as snowfall, snow cover, snow water equivalent, and sur-
face temperature determine the ebb and flow of how mountains naturally manage water resources.
Snowfall totals are representative of the storm composition, orographic forcing, and, ultimately,
the initial placement of snow in mountains. Snow cover represents the areal extent of snowfall de-
position and the modifications in radiative surface properties. Snow water equivalent is a measure
of the vertical build-up of water over the snow covered area that can be stored and slowly released
over a given time period. Finally, surface temperature regulates the total storage and release time

of mountains in their role as natural reservoirs.

Thus, as anthropogenic climate change modifies nonlinear feedbacks at various elevation bands
in mountain environments, a physically based model with dynamic feedbacks between the large-
scale atmosphere drivers and regional-scale land surface processes is necessary to understand both
historical and future trends in mountain hydroclimatology. To address this my research advances
the use of a new modeling tool known as variable-resolution in the Community Earth System Model
(VR-CESM) to better understand the historical evolution and potential climate change effects on
the mountain hydroclimatology of California and the broader western USA, with a particular
focus on snowpack. My dissertation represents the first application of this technique to explore

scientific questions associated with mountain hydroclimatology and utilizes a suite of climate model,
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observational, and reanalysis datasets to provide a comprehensive assessment of how western US
water resources has and will continue to be shaped by climate change. This research topic sits at
the boundary of the atmospheric, hydrologic and computer sciences with an overall goal to push

the boundaries of both global climate modeling and regional climate modeling.

Chapter 1 explores the usability of VR-CESM in hydroclimate applications by assessing its rela-
tive performance to a suite of model, observational, and reanalysis datasets to represent historical
snowpack life cycles and snow cover extents in the California Sierra Nevada. Chapter 2 utilizes
VR-CESM to explore the effects of a “business-as-usual” climate change scenario on mountain
hydroclimatological trends within the five major western US mountain ranges and explored the
nonlinear feedbacks with elevation. Chapter 3 identifies the relative effects of horizontal grid refine-
ment and sub-grid-scale physics in VR-CESM to understand what controls simulated precipitation,

snowpack, and surface temperature trends and what systemic biases need to be addressed.

X



Introduction

The 21st century will continue to see unprecedented changes to the climate system associated with
anthropogenic influence. Presently, climate system processes are most confidently attributed by
the Intergovernmental Panel on Climate Change (IPCC) at global scales, however this does not
necessarily translate to regional scales where most management and policy decisions are made
(Field et al, |2014). Therefore, the scientific understanding of changes to the regional climate is
an ongoing and pressing challenge. This challenge arises from the cascade of interactions that
occur from the global-to-regional scale. To work across this multi-scale space, the climate modeling
community has largely worked within one of two scientific paradigms, global climate modeling and
regional climate modeling. Each presents unique benefits as well as major physical assumptions,
computer hardware limitations and model biases when applied to work across the multitude of
scales present in the climate system. Recent research has sought to push the boundaries of both
global climate modeling and regional climate modeling via a recently developed approach known

as variable-resolution global climate models (VRGCMs).

VRGCMs offer a new modeling platform that can work across the global-to-regional model divide
and in a much more computationally efficient way than conventional global climate modeling tech-
niques. By utilizing a globally coarse resolution grid which is only refined over a specific area of
interest, these models often require only 10% of the computing power of uniform resolution global
climate models to resolve fine-scale features. This allows today’s supercomputing platforms to be
leveraged to their fullest extent and affords a means by which model biases can be explored and
remediated at resolutions not yet capable with conventional global modeling strategies. For exam-
ple, a simple doubling of horizontal resolution from 111km (typical resolution) to 55km (current
cutting-edge resolutions) would result in a computational demand eight times larger than the orig-
inal model due to a halving of every GCM’s grid cell in both horizontal directions and decreasing
the model time step by half, to prevent numerical instability. This does not include a potential
increase in grid cell resolution in the vertical which would add another factor of two to compu-
tational demand nor the cost associated with incorporating newly discovered climate processes.

Thus, VRGCMs afford us with: a glimpse into the future of global climate modeling at a fraction



of the cost of conventional GCMs, more usable regional scale information for climate adaptation

needs, and a climate model that will be scale-aware across a myriad of resolutions.

Over the last five years, several variable-resolution (VR) strategies have been developed and in-
corporated into atmospheric model dynamical cores that utilize hydrostatic and/or nonhydrostatic
fluid equations and in which VR mesh refinement can be static or dynamic. Some examples of
VR capable models include the work by Skamarock et al (2012)) using the Model for Predication
Across Scales (MPAS - nonhydrostatic and static mesh), the work by [Harris and Lin| (2013) using
the Finite-Volume Cubed-Sphere Dynamical Core (FV3 - hydrostatic/nonhydrostatic and static
mesh), the capability of VR in the Community Earth System Model (VR-CESM - hydrostatic and
static mesh) presented in this dissertation and by Zarzycki et al (2014b)), and, most recently, the
experimental adaptive mesh refinement (AMR) dynamical core Chombo-AMR (nonhydrostatic and
dynamic mesh) highlighted by the work of |Park et al (2014b). Each VR enabled dynamical core
presents a unique spin on how to formulate grid element shapes, discretize the equations of motion,
and handle the unresolved processes at the sub-grid-scale. A detailed explanation of the VR-CESM
dynamical core, grid, and sub-grid-scale parameterizations are discussed in greater detail within
the Appendix. VRGCMSs are only now being put to use, leading to Earth system models which
both correctly capture regional-global interactions and reach the resolutions needed to understand
regional climate change. Thus, VRGCMs have now progressed to the point where they can be

vetted and used for applied research.

The western US is a unique scientific testbed to explore the utility of VRGCMs to work across
the global-to-regional divide. The precipitation trends in the region are shaped by large-scale
systems that originate from the Aleutian Gulf and warm, extreme and intermittent systems from
the equator. Coupled with this, precipitation is closely connected with orography where the storm’s
location of landfall, perpendicularity to the topography, mountain upslope velocities, and integrated
water vapor flux are crucial in determining the amount of seasonal snowpack that will be stored.
Mountain snowpack storage is critical for water use in agricultural, environmental, and municipal
sectors as half of all annual precipitation comes in 5-15 days (Dettinger et al, |2011)), usually within a

window of only a few months each year and where extreme storms (or atmospheric rivers) contribute



40% of mountain snowpack storage (Guan et al, [2013). To exacerbate the seasonal timing issue,
climate change has and will continue to directly impact mountain snowpack via three physical
drivers. First, warming temperatures lead to an earlier spring thaw, increasing runoff associated
with spring melt and decreasing late summer water availability due to early depletion of snowpack.
Second, according to the Clausius-Clapeyron equation, warmer air has the potential for higher
concentrations of water vapor leading to possible increases in large-scale precipitation in areas with
forced orographic uplift (e.g., mountain ranges of the western USA), although warmer temperatures
also tend to favor rainfall over snowfall. This is of importance to the western US where [Bales et al
(2006) observed that 20-40% of precipitation events occur when surface temperatures are at or
around freezing (-3 to 0 °C) and thus snowfall is more susceptible to projected regional warming
(National Climate Assessment, accessed 2016). This is especially relevant for the leeward (eastern)
portion of the Sierra Nevada where it has been shown that an increase of 6 °C would threaten
most of the accumulated southern Sierra Nevada snowpack (even up to 3000 m) and a 2 °C could
shorten the snow season by a full month, which is on the order of historical interannual variability
(Bales et al, 2014)). Furthermore, rising surface temperatures are particularly important in the
spring months at mid- to high-elevations, which would normally be below freezing throughout the
winter period (Cayan| 1996; Stewart|,[2009). Last, the snow-albedo feedback, a process in which the
freezing point threshold is augmented resulting in snow cover diminishment, plays a pivotal role
in determining the local and/or global albedo (Hall, 2004; Qu and Hall, 2014). This is due to the
radiative principle that as less solar radiation is reflected from snow (average shortwave albedo of
0.5 to 0.9 based on age), more shortwave radiation may be absorbed by bare soil/rock or vegetation
and re-emitted as longwave radiation. The result could alter the local and/or global net radiative
equilibrium (Anderson, |1976; Hall, 2004; Qu and Hall, 2014). Snow is a virtual blackbody in the
longwave spectrum, therefore nonlinear cloud and moisture feedbacks could further diminish the

resiliency of mountain snowpack in the future.

This dissertation explores the ability of a VRGCM model to represent the processes that shape
mountain hydroclimatology, namely variable-resolution in the Community Earth System Model
(VR-CESM). The focii of this dissertation are to explore the processes that shape mountain hy-

droclimatology in the western US, identify if the key-processes are effectively modeled within VR-



CESM, and, finally, understand how anthropogenic climate change may influence them in the
future. Alan Rhoades was the primary author on all works and conducted the bulk of the work in
relation to hypotheses generation, literature review, experimental setup, data acquisition, model
simulation, data management, and in drafting of each manuscript. Paul Ullrich was the primary
adviser and mentor on all works. In addition, his software suites allowed Alan to expedite and
fine-tune his scientific methods. All other co-authors provided consistent commentary, technical
guidance, and mentorship where needed via email and in-person meetings. Last, access to neces-
sary computational resources were provided by several co-authors including Paul Ullrich, William

Collins, Hans Johansen, and Colin Zarzycki.

Chapter 1 represents the first attempt at exploring the skill of VR-CESM in representing western US
hydroclimatology at resolutions of 28km and 14km. The first goal is to evaluate historical (1980-
2005) snowpack life cycles and snow cover extents in the California Sierra Nevada. The second
goal is to identify model sensitivities to underlying topography, evaluate western US observational
and reanalysis datasets, and assess VR-CESM performance against other widely used global and
regional modeling techniques. A multitude of reanalysis and observational datasets, both spatially
continuous and point-wise, are employed to explore model performance at climatological, seasonal,
and daily climate temporal resolutions. The study is now published in the Journal of Applied

Meteorology and Climatology under the DOI: http://dx.doi.org/10.1175/JAMC-D-15-0156.1.

Chapter 2 utilizes the best VR-CESM model representation from Chapter 1, considering both
model efficacy and cost, to explore the effects of a “business-as-usual” climate change scenario
(RCP8.5) on mountain hydroclimatological trends within the five major western US mountain
ranges over the years 1980-2005 vs 2025-2100, with a particular focus on mountain snowpack. The
changes in mid-century and end-century mountain snowpack tendencies are assessed and compared
to other widely used climate change datasets over common historical and mid-century time frames to
understand similarities and differences in the simulated climate change signal. Further analyses were
conducted on VR-CESM results over 2025-2100 to understand how climate change may influence
each mountain’s climate average, seasonal variability, and elevational dependencies in precipitation,

snowpack, and surface temperature. This work is now published in Climate Dynamics under the



DOI: 10.1007/s00382-017-3606-0 and will be featured in Chapter 8 of the fourth National Climate

Assessment.

Chapter 3 expands upon the VR-CESM sensitivities explored in Chapter 1 to assess the relative
effects of horizontal grid refinement over the Sierra Nevada at 28km, 14km, 7km, and 3.5km to
take advantage of the highest resolution surface datasets available and more realistically represent
topography. Next, the effects of changing the sub-grid-scale physics that control precipitation from
a standard diagnostic treatment to a new prognostic treatment at 28km and 14km over the Sierra
Nevada was explored. Precipitation, snowpack, and surface temperature trends were assessed for
the Sierra Nevada (total, windward, and leeward) to understand how VR-CESM resolution and sub-
grid-scale physics changes the simulated climatological, seasonal, and daily climate trends across
the six-member ensemble. Simulated differences in the magnitude, spatial correlation, elevation de-
pendence, and windward/leeward distributions of each hydroclimate variable were highlighted and
juxtaposed to several high-quality mountain hydroclimate datasets. Systemic bias associated with
model resolution and/or sub-grid-scale microphysics were identified and hypothesized for future

model development. The paper was submitted to the Journal of Hydrometeorology.



Chapter 1 - Characterizing Sierra Nevada Snowpack Using Variable-
Resolution CESM

Abstract

The location, timing, and intermittency of precipitation in California makes the state integrally
reliant on winter season snowpack accumulation to maintain its economic and agricultural liveli-
hood. Of particular concern, winter season snowpack has shown a net decline across the western
USA over the past 50 years resulting in a major uncertainty in water resource management head-
ing into the next century. Cutting edge tools are available to help navigate and preemptively plan
for these uncertainties. This paper uses a next-generation modeling technique, variable-resolution
global climate modeling within the Community Earth System Model (VR-CESM), at horizontal
resolutions of 0.125° (14km) and 0.25° (28km). VR-CESM provides means to include dynami-
cally large-scale atmosphere-ocean drivers, limit model bias, provide more accurate representations
of regional topography, while doing so in a more computationally efficient manner than conven-
tional general circulation models. This paper validates VR-CESM at climatological and seasonal
timescales for Sierra Nevada snowpack metrics by comparing them to the DAYMET, CAL-ADAPT,
NARR, NCEP, and NLDAS reanalysis datasets, the MODIS remote sensing dataset, SNOTEL ob-
servational dataset, a standard practice global climate model (CESM) and regional climate model
(WRF) dataset. Overall, considering California’s complex terrain, intermittent precipitation, and
that both of the VR-CESM simulations were only constrained by prescribed sea surface tempera-
tures and sea ice extent data, a 0.68 centered Pearson product-moment correlation, negative mean
SWE bias of <7 mm, interquartile range well within the values exhibited in the reanalysis datasets,
and mean DJF SNOWC within 7% of the expected MODIS value, the efficacy of the VR-CESM

framework is apparent.

Introduction

California receives half of its total annual precipitation in five to fifteen days of the year, making
its precipitation patterns some of the most intermittent in the USA (Dettinger et al, 2011). Im-

portantly, most of the state’s precipitation falls during the winter months (December to February)



and two-thirds of it precipitates in the northern and mountainous parts of the state (Wise), 2012]).
The precipitation that falls in the mountainous region largely accumulates as snow (Pandey et al,
1999). Thus, winter snowpack acts as a natural surface reservoir for water that is then released
during dry portions of the year. Snowpack provides approximately three-fourths of the annual fresh
water supply in the western USA (Palmer} 1988} (Cayan, |1996), and 60% of California’s developed
water supply originates from the snowpack dominated Sierra Nevada (Bales et al, 2011). Along
with the Colorado River, this natural store of water contributes to the maintenance of California’s
economy and its stance as one of the largest agricultural providers in the world (Tanaka et al,
2006; Hanak and Lund| [2012). These water reserves also provide up to 21% of the energy found
within California’s diverse energy portfolio via hydroelectric plants (Stewart} [1996). Therefore, the
integrity of California’s economy, and agricultural identity, is largely dependent on ample snowpack

accumulation in the Sierra Nevada.

A major cause of interannual variability in winter precipitation in California, and the greater
western USA, are global teleconnections. Teleconnections are recurrent and persistent atmosphere-
ocean patterns impacting large swaths of latitudinal and longitudinal bands (Wallace and Gutzler,
1981} |Glantz et al, |1991). They are important from a water resources perspective because they
determine overall temperature, precipitation, and snowpack trends within California. Atmosphere-
ocean climate interactions have been found to vary annual precipitation by 20-45% in the western
USA (Dettinger et al, 1998)), and include the El Nino Southern Oscillation (ENSO), the Pacific
Decadal Oscillation (PDO), the Pacific North American Pattern (PNA), the North American Mon-
soon, and the Aleutian Low, as well as more short term events known as atmospheric rivers (ARs)
(i.e., equatorially generated whip-like water vapor bands) (Dettinger et al, [1998; Cayan et al, |[1999;
Ralph et al, 2004} |Dettinger, 2011; |Wise, 2012} |Guan et al, 2013} |Fang et al, 2014). The internal
variability associated with teleconnections modulate the spatial and temporal variability of strong
precipitation events in the western USA (Wise| [2012). Therefore, teleconnection modulation, on
both yearly and decadal time frames, has a direct impact on the amount of total seasonal snowpack
deposited in the Sierra Nevada. This modulation is also essential in resolving historical trends as
well as projecting future snowpack tendencies. For example, atmospheric rivers alone account for

around 30-40% of seasonal snowpack accumulation in the Sierra Nevada (Guan et al, 2010). Thus,



a representation of global processes, ideally via a global climate model, is necessary to accurately

account for California’s temperature, precipitation, and snowpack trends.

To observe how this crucial natural fresh water reserve is characterized, both spatially and tem-
porally, snowpack metrics such as snow water equivalent (SWE), snow centroid date (SCD), and
the extent of snow cover (SNOWC) have been developed to quantify the patterns of Sierra Nevada
snowpack. SWE is used to determine the total water content for a given snow depth. It can be
quantified by taking a given depth of snow and melting it; the resultant water content represents
the SWE. This is useful since snow densities can fluctuate due to variations in snowfall as well as
melt and ablation events in the snowpack. SCD represents the date of peak snowpack accumulation,
which is useful in understanding snowmelt onset. SNOWC characterizes the total areal coverage of
snow over a given region. This is helpful in quantifying shifts in regional to global albedo as well as
the freezing line extent in mountainous environments. Over the historical record, the Sierra Nevada
has shown a mean difference in April 1st SWE of 2.2% (i.e., northern Sierra decline of 50-75% and
southern Sierra accumulation of 30%) (Mote et al, |2005), western USA SCD was found to shift 0.7
days earlier per decade (Kapnick and Hall, [2012), and total SNOWC declined by 9% across the
Northern Hemisphere (Rupp et al, 2013). The shift in SCD appears to be eight days earlier per
°C of warming in end of winter season (March and April) temperatures. Additionally, Bales et al
(2006) found that the fraction of storms that occur with surface temperatures in the range of -3
°C to 0 °C account for up to 36% of the annual precipitation events in many parts of the Sierra
Nevada, highlighting the sensitivity of snow storms in the Sierra Nevada to increasing temperatures
due to anthropogenic global climate change. Using IPCC AR5 RCP 4.5 and 8.5 scenarios, projected
end-of-the-century trends for snowpack highlight that western USA SWE may decline by 40-70%
(Pierce and Cayan| 2013), snowfall may decrease by 25-40% (Pierce and Cayan, 2013|), more winter
storms may tend towards rain rather than snow (Bales et al, |2006), and relatively warmer storms
(e.g., atmospheric rivers) may be more frequent and intense for California (Dettinger} |2011). In
a review paper by |Gimeno et al| (2014)), |[Dettinger et al (2011)) represented the only western USA
specific paper on the future projected trends of ARs. Of note, the authors expressed that the
results in this study were a preliminary step and should be assessed more from a qualitative sense

due to the small sample size of AR events in the CMIP5 archive and the various assumptions



associated with the relatively coarser temporal and spatial extents of the models in the CMIP5
archive. Therefore, if the aforementioned projected outcomes hold, mean precipitation is not ex-
pected to change dramatically, but interannual variability will likely increase through modulation
in atmospheric river events. Since snowpack is affected by both precipitation and temperature, it is
expected that increased end-of-century temperatures coupled with more intense warmer storms in
the western USA will prevent snow accumulation and lead to changes in runoff timing that could
be problematic for water management. Thus, an analysis of causal mechanisms of snowpack accu-
mulation and snowmelt timing, with a dynamic inclusion of large-scale atmosphere-ocean drivers,
and an accurate representation of the complex topography of California is needed to allow water

managers to make more informative and preemptive decisions on Californias water future.

One key approach to address the aforementioned need is via climate models. However, both global
and regional climate models have limitations in their predictive capacities. As demonstrated by
the North American Regional Climate Change Assessment Program (NARCCAP), regional climate
models (RCMs) were shown to produce too dry, too warm, and too little SWE conditions for the
western USA and snow cover duration was found to start too late and end too early (Salzmann and
Mearns, 2012). Model bias was associated with inadequate topography representation, imperfec-
tions in observational data, and differing land surface model components (Salzmann and Mearns,
2012)). Similarly, |Caldwell (2010) found that RCMs generally overpredict winter precipitation in
California, whereas global climate models (GCMs) generally underpredict winter precipitation in
California. The precipitation bias associated with GCMs was not solely related to model resolution
(as this was standardized before comparison), but rather factors such as subgrid-scale parameter-
izations and coarse model topography too (Caldwell, 2010). The aforementioned RCM findings
regarding precipitation and SWE appear contradictory to one another, but it should be noted that
California hydroclimatic trends have shown dissimilarities from several of those shown in other
parts of the western USA (Mote et al, 2005; Kapnick and Hall, |2012), likely due to a combina-
tion of relatively higher topographical elevation in the southern Sierra Nevada (compared to other

western USA mountain ranges), proximity to the Pacific Ocean, and effects from ARs.

This paper aims to analyze the efficacy of variable-resolution modeling using the Community Earth



System Model (VR-CESM) at resolutions of 0.125° (14km) and 0.25° (28km) in representing Sierra
Nevada snowpack, in comparison with observational, reanalysis and dynamically downscaled model
results. Variable-resolution modeling is a novel tool for modeling the climate system and represents
a hybrid of global and regional climate models. We envision that this new modeling framework
will bring added value to the snowpack modeling community with the benefit of a global solution,
accounting for major teleconnections, and regional high-resolution, better representation of winter
storms and orographic forcings. This hypothesis has been corroborated for temperature and pre-
cipitation climatic trends within California in [Huang et al (2016). These benefits will lead to a
better representation of observed summary statistics for winter snowpack within a GCM framework.
Further, several studies have shown that CESM has skill in representing the major wintertime tele-
connections of the western USA including the ENSO (DeFlorio et al, 2013; [Wang et al, 2014)), the
PDO (DeFlorio et al, [2013), and the Pacific-North American (PNA) pattern (Li and Forest, 2014).

Teleconnection representation in these studies is expected to carry over into VR-CESM.

The structure of the remainder of the paper is as follows: Section 2 contains information about
the CESM setup and experimental design, including VR-CESM grid implementation. Section
3 discusses the comparative datasets used to assess model efficacy. Section 4 provides summary
statistic comparisons of seasonal to multidecadal snow trends, including SWE and SNOWC. Finally,

section 5 provides further discussion and the conclusions of this study.

CESM Setup and VR-CESM Grid Implementation

CESM Setup

This project utilized version 1.2 of the Community Earth System Model (CESM), a widely used and
community-supported climate model developed by the National Center for Atmospheric Research
(NCAR) and the US Department of Energy (DoE). CESM is a fully coupled global climate model
comprised of seven geophysical models that simulate the major components of the Earth system
including the atmosphere, land-surface, land-ice, ocean, ocean-wave, river run-off and sea ice, all
of which can be coupled dynamically. One of the F-component sets in CESM, FAMIPC5, is the
standard protocol for the Atmospheric Model Intercomparison Project (AMIP) and was used for

each of the CESM simulations in this study (Gates|, (1992). This component set consists solely of the
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atmosphere-land coupled model with prescribed sea-surface temperatures (SSTs) and sea ice extent.
This limited configuration maximizes computational efficiency and inhibits model bias propagation.
This is advantageous for a local server environment (<1000 processors per simulation), like the one
used in this study. Although the oceanic and sea ice systems were not incorporated dynamically
into this study, this component set ensures that interannual climate variability (mainly via SST
anomalies) and global albedo effects from sea ice extent are incorporated into the simulations.
Future research will target the VR-CESM simulation performance with and without a dynamic
ocean model. Thus, for this study, only the atmosphere model (Community Atmosphere Model
(CAM) version 5.3) (Neale et al, [2010) and the land-surface model (Community Land Model (CLM)

version 4.0 with satellite phenology) (Oleson et al, [2010) were utilized.

CAM was run with the Spectral Element (SE) dynamical core with a cubed-sphere grid structure
(Taylor et al,|{1997; Dennis et al, 2012). CAM-SE uses a continuous Galerkin spectral finite-element
method for solving the hydrostatic atmospheric primitive equations. CAM-SE provides several
benefits over other CESM dynamical cores including linear scalability with increasing computer
processor counts, machine precision conservation of mass and tracers, elimination of non-uniform
grid spacings due to convergence zones at higher latitudes, and variable-resolution capabilities
(Taylor and Fournier} 2010; |[Dennis et al, 2012; Zarzycki et al, 2014alb; |Zarzycki and Jablonowskil,
2014)). CAMS5 physics are broken down into six main categories: shallow convection (Park and
Bretherton, [2009), deep convection (Neale et al, |2008)), microphysics (Morrison and Gettelman,
2008), macrophysics (Park et al, |2014a)), radiation (lacono et al, 2008), and aerosols (Ghan et al,

2012)). Details on each of the physics schemes can be found in [Neale et al (2010).

CLM subdivides each cell into land types such as glacier, lake, urban, vegetated, and wetland
(Oleson et al, 2010; Lawrence et al, 2011). The vegetated component of the grid cell is further
broken down into various soil types which are then characterized by 16 unique Plant Functional
Types (PFTs), including non-vegetated. CLM4.0 PFTs include five evergreen species and six
deciduous species for temperate, boreal, and tropical climates, three grasses for arctic and non-
arctic climates (with C-3 and C-4 variations) and a few staple cereal crops. PFT cover is derived

from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data at 0.5° resolution
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with canopy heights for each of the PFTs assumed to range from 0.5 meters (crops, grasses, and
shrubs) to 35 meters (trees). PFT types and percent cover of PFTs within each vegetated land-
unit play a crucial role in shaping snowpack trends. This is because the interaction between the
canopy and snowpack are PFT specific for biogeochemical, radiative, and hydrological processes
such as interception, throughfall, canopy drip, water removal via transpiration, and optical property

interactions based on leaf angle and specific PFT (Lawrence et al, 2011)).

The parameterizations of snowpack within CESM are based primarily on work done by |[Anderson
(1976), Jordan! (1991), and Yongjiu and Qingcun| (1997). These parameterizations characterize
several important state variables for snowpack including the mass of water, mass of ice, snowpack
layer thickness, temperature profile of the snowpack layer, black carbon and mineral deposition,
and snowpack aging and optical properties. The model is discretized using five snow layers with

dynamic compaction, water transfer, and energy transfer.

VR-CESM Grid Implementation

The VR-CESM grids were generated using a freely available software package (SQuadGen) (Ull-
richl 2014). To generate the variable-resolution grid files, SQuadGen interpolates a picture image
file, with variations in its gray scale properties, creates a refinement map, and uses spring dynam-
ics to smooth the transitional regions between various grid resolutions. VR-CESM 0.25° (28km
resolution) and VR-CESM 0.125° (14km resolution) grids were constructed for both CAM and
CLM (Figure [1)). Topographic smoothing was varied between the two VR-CESM 0.25° simulations
(VR-CESM 0.25° (smooth) and VR-CESM 0.25° (rough)) without modifying the grid structure
to assess the sensitivity of topographical influences on VR-CESM simulations. This study further

represents the first time variable-resolution grids were implemented into CLM.

Topographic Representation in the VR-CESM Simulations

Topographical datasets were generated for each variable resolution grid. The topographic smooth-
ing was varied between the two VR-CESM 0.25° simulations by adjusting the ¢ parameter from
Eqn. (1) in |Zarzycki et al (2015). In the case of the VR-CESM 0.25° (smooth) topography, this

parameter was equal to 1.33 times that used for generating VR-CESM 0.25° (rough) case. This re-
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sulted in the differences in topographical representation seen in Figs. 2a-b. Careful consideration is
required when generating the VR-CESM topographical datasets due to the fact that CAM-SE uses
terrain-following vertical coordinates that exhibit, with excessive terrain roughness, a tendency
towards generation of spurious vertical velocities and numerical artifacts (Zarzycki et al, [2015).
The topographical datasets were derived using bilinear interpolation with a linear smoothing op-
erator on the 2-minute National Geophysical Data Center (NGDC) Gridded Global Relief Dataset
(ETOPO2v2) (National Geophysical Data Center, 2006) coinciding with the variable-resolution
grids surface geopotential and order of the hyperviscosity term. This provides more (less) topo-
graphical structure in the high (low) resolution region of the nest. For example, maximum Sierra
Nevada topographical elevations (see Figure [2)) in the 111 km, 28 km, and 14 km resolutions of
CESM were 1583.31 meters, 2677.08 meters, and 3147.28 meters, respectively. When compared
with the ETOPO2v2 NGDC dataset, topographical elevation in the Sierra Nevada matches more

closely as model resolution increases (Figure .

Reference Datasets and Statistical Methods
Reference Datasets

Observational datasets for snowpack metrics such as snow water equivalent (SWE) and snow cover
(SNOWC) are particularly difficult to develop in mountainous environments. The fractal nature
of snowpack deposits, quick shifts in elevation, angular differences in topography, alpine vegetation
cover, cloud cover, and large footprint radius associated with satellite instrumentation are key
challenges. Additionally, many satellite products span less than a decade, preventing analysis
of climate patterns over decadal timeframes. In situ measurements help alleviate some of the
highlighted issues, yet they are irregularly located, and so may not be representative in regions
of rapidly varying topography. Land surface models have been used to abate the discontinuous
nature of in situ observations, but often contain their own biases. Therefore, to provide a rigorous

assessment, a blend of the aforementioned data types will be used in this assessment.

The datasets that this study used for validation purposes are listed in Table Datasets vary
in snowpack product availability (i.e., SWE and SNOWC), spatial and temporal resolution, map

projection, and temporal range. Therefore, all datasets were standardized to monthly averaged,
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seasonally averaged (DJF), and climate averaged (DJF from 1980-2005) temporal resolutions during
the assessment of the VR-CESM simulations. In order to accomplish this task, utilities from the
NetCDF Operators (NCO), Climate Data Operators (CDO), and the NCAR Command Language
(NCL) were used.

The North America Land Data Assimilation System Phase 2 (NLDAS-2) produced 0.125° datasets
by incorporating large quantities of observational and model reanalysis datasets into three non-
atmosphere coupled land-surface models (i.e., Princeton’s implementation of VIC, NOAA’s Noah,
and NASA’s Mosaic) over the continental United States. The three datasets provide SWE and
SNOWC and are extensively analyzed by [Xia et al (2012alb). For the 2008 California climate
change assessment, four GCM (i.e., CCSM3, CNRM, GFDL, and PCM1) datasets were downscaled
using Bias Corrected Statistical Downscaling (BCSD) methods along with the VIC model at a
resolution of 0.125°. This dataset, known as CAL-ADAPT, provides SWE values over the entirety
of California, with the methodology discussed in Maurer and Hidalgo (2008). The DAYMET
dataset provides SWE estimations based on meteorological stations. The station data is then
extrapolated, using a truncated Guassian weighting filter, to create a high resolution gridded output
(Thornton et al, [2014)). The Moderate Resolution Imaging Spectroradiometer (MODIS) satellite
remote sensing dataset (MODIS/Terra Snow Cover Monthly 0.05° (5 km), Version 5 (MOD10CM
V005)) provides SNOWC using a snow mapping algorithm with a Normalized Difference Snow
Index (NDSI) (Hall et al, 2006). The NDSI is used to distinguish between snow and other features
(such as cloud cover) by using visible and short-wave near-IR spectral bands. A comprehensive
analysis and validation of the MODIS dataset for a region of the Sierra Nevada was conducted in
Hall and Riggs| (2007). The SNOwpack TELemetry (SNOTEL) in situ dataset is comprised of 32
automated observational stations spread throughout the Sierra Nevada mountain range measuring
SWE (Serreze et al, |1999)). The areal extent of the SNOTEL stations range from 38.07° to 42.99°
latitude by -120.79° to -119.23° with an average elevation of 2,343 meters. Of the 32 stations, only 19
were utilized as they spanned the entire 1980-2005 temporal range. The North American Regional
Reanalysis (NARR) dataset provides monthly averaged SNOWC output variables using a high
resolution atmospheric model (Eta Model) forced by a Regional Data Assimilation System (RDAS)

(Mesinger et al, [2006)). The other reanalysis dataset used (NCEP - CFSV2) is an updated version
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(2013) of its predecessor (2004) and provided SNOWC data (Saha et al, [2014]). The NCEP dataset
provides better representations of 2m surface temperature, Madden-Julian Oscillation (MJO), and
SST forecasts while upgrading overall performance in seasonal to subseasonal forecasting results,
compared to its predecessor, and has been advised for decision makers in the water management

and agricultural sectors (Saha et al, 2014)).

A 0.25° (finite volume) and 1° (spectral element) uniform resolution CESM run were used for
comparison to the VR-CESM simulations as well. The 0.25° simulation is described in [Wehner et al
(2014) and the 1° simulation was performed by the research team with the same component set and
dynamical core as the VR-CESM simulations. The final datasets utilized for this assessment were a
pair of simulations conducted at UC Davis using the Weather Research and Forecast (WRF') model,
which has been used extensively for regional climate studies. Several common parameterization
combinations (including different cumulus schemes and radiation schemes) were tested over a one-
year simulation period and compared with gridded observations. Those final options were chosen
for climate applications that balance long-term reliability and computational cost, representing a
typical RCM configuration. Subgrid parameterizations include: the Kain-Fritsch cumulus scheme
(Kain, [2004), the WSM 6-class graupel microphysics scheme (Hong and Lim, [2006), and the CAM
short-wave and long-wave radiation schemes (Collins et al, 2004). The simulations used a nested
domain with a coarse resolution of 27km (WRF-27) and a finer resolution domain of 9km (WRF-9)
situated over the western USA (centered over the Sierra Nevada). The initial, boundary conditions,
and sea surface temperatures were all provided by ERA-Interim reanalysis data, a widely used and
validated dataset for this type of work (Dee et al, 2011). Both WRF domains provide SWE and
SNOWC output variables via the Noah Land Surface Model (Chen and Dudhial 2001)) coupled with

the Yonsei University (YSU) boundary layer scheme (Hong et al, 2006).

The Noah and CLM4.0-SP land surface models (LSMs) derive from similar snow model formula-
tions (i.e., |[Anderson| (1976)), yet deviate in several ways too. The Noah LSM pulls primarily from
Yen| (1965), whereas CLM4.0-SP draws from Jordan| (1991). This creates differences in both of the

snow model’s fundamental equations and parameterizations. Differences include number of snow

layers (Noah LSM has three, whereas CLM4.0-SP has five), snow thermal conductivity (CLM4.0-

15



SP uses a snow density function and Noah LSM uses a constant), snow cover hyperbolic functions
(CLM4.0-SP utilizes a slightly more complicated formulation) and snowpack-canopy interactions
(Oleson et al, [2010; |[Yang et al, 2011). Of relevance to this paper’s overall conclusions, snow depths
(and thus SWE) estimations in the Noah LSM have been noted to be significantly overestimated
in certain cases due to the assumption that snowpack density, physical characteristics, and ther-
mal conductivity are constant, therefore neglecting heat transfers via meltwater movement in the

snowpack (Yang et al, 2011]).

Statistical Methods

The DJF climatological mean state and seasonal variability in snow products found within the
Sierra Nevada were analyzed. The assessment aimed to understand the efficacy of the new VR-
CESM approach in representing snowpack trends against observation, reanalysis and other widely
used GCMs and RCMs. In order to do this, the datasets were remapped to similar map projections
and resolutions using both the Earth System Modeling Framework (ESMF) capabilities in the
NCAR Command Language (NCL) and TempestRemap (Ullrich and Taylor, 2015|) software suites.
The observational and reanalysis datasets were further remapped to all possible resolutions used in
the models (i.e., 0.125°, 0.25°, and 1°). The climate averages and seasonal averages were computed
using a mask of the Sierra Nevada (see Figure|3)). This mask was developed by the EPA’s Ecoregions
classification system (Ecoregion Level III - 6.2.12). Summary statistics of the Sierra Nevada were
calculated for each of the datasets for SWE and SNOWC including mean, standard deviation, lower

quartile, median, upper quartile, and maximum.

For most of the datasets assessed, 25 seasons of average DJF values were used. WRF-9 had 22
DJF seasons. Additionally, MODIS had 12 DJF seasons, many of which fall outside the historical
period (1980-2005 vs 2000-2012), but due to the scope of this paper in analyzing the climatological
and seasonal mean trends (rather than precise seasonal forecasting) this was assumed to be largely

irrelevant.
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Seasonal and Multidecadal Snow Trends in the Sierra Nevada

Snow Water Equivalent Summary Statistics

A panel plot of the DJF average SWE is shown across datasets for California (Figure . Clear
resolution dependence is apparent across all modeling platforms. Each of the datasets highlighted
an overall increasing trend in SWE with an increase in model resolution, likely correlated with
topographical representation (see Figure and resultant orographic forcing on weather fronts
as well as sustained below-freezing temperatures. Of note, the NCEP dataset didn’t characterize
enough SWE for the Sierra Nevada region to be further assessed in greater statistical detail. Each of
the model datasets are compared to the average of the reanalysis datasets at their closest respective
resolution of 0.125°, 0.25°, or 1°. Within the Sierra Nevada masked region, VR-CESM 0.125° and
VR-CESM 0.25° (rough) demonstrated the closest statistical match across all observational and
reanalysis datasets with mean DJF SWE absolute bias values of 6.4 and 2.7 mm, respectively (the
reanalysis dataset average SWE value was 97.4 mm), and median values within 8 to 13 mm (Table
. Maximum DJF SWE values were most closely represented by CESM-FV 0.25° and VR-CESM
0.25° (rough), both within 68 mm. It should be noted that an artificial cap on maximum SWE
at 1,000 mm is imposed in CLM4.0 which impacted maximum SWE values for all VR-CESM and
UNIFORM CESM simulations. CESM-FV 0.25° and WRF-9 both showed a positive bias in DJF
SWE values for mean and median compared to the reanalysis dataset average. CESM-FV 0.25°
had a positive bias of 1.8 times the mean DJF SWE and 2.4 times the median value for the Sierra
Nevada mask. WRF-9 exhibited a similar response with a positive bias of 2.4 times the mean and
1.4 times the median DJF SWE. The coarser resolution version of VR-CESM and WRF had a
negative bias with VR-CESM 0.25° (smooth) at half the mean for DJF SWE in the Sierra Nevada
and WRF-27 at 74%. CESM-SE 1°, the model resolution used in most IPCC simulations, was
unable to represent both climatological and seasonal DJF SWE trends in the Sierra Nevada with
a maximum DJF SWE value of 41.7 mm (<5% of the reanalysis dataset average maximum value),

with similar tendencies seen in the mean and median values as well.
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Seasonal Variability in Snow Water Equivalent

SWE DJF mean seasonal variability is represented via a plot of standard deviation at each grid
point across all datasets (Figure . Characterization of interseasonal variability, in comparison
to the reanalysis datasets, was shown to be more difficult for most of the modeling platforms.
VR-CESM simulations were best represented by VR-CESM 0.25° (rough) which exhibited a slight
positive bias of 1% to the reanalysis dataset average (Table . VR-CESM 0.125° and VR-CESM
0.25° (smooth) were at 87% and 36% of the standard deviation, respectively. CESM-FV 0.25° had
a large discepency in standard deviation tendency with a positive bias of two times the reanalysis
dataset average of the reanalysis datasets. WRF-9 showed an exceedingly high variability with 6.8
times the standard deviation of the reanalysis dataset average, although this could be partially
amplified by the fact that DAYMET and CESM SWE values were capped at 1,000 mm. Although
the standard deviation values were highly variable across modeling platforms in comparison to
the reanalysis dataset average, the average seasonal interquartile ranges (IQR) were more closely
aligned (Figure [6)). The IQR for VR-CESM 0.125° and VR-CESM 0.25° (rough) were closest to
the reanalysis dataset average with a slightly negative bias of 11 mm and 7.8 mm, respectively.
WREF-9 and CESM-FV 0.25° had a positive bias in IQR, with exceedingly high 75th percentiles,

whereas VR-CESM 0.25° (smooth) and WRF-27 were conservative in their higher quartile marks.

Pattern Correlation and Bias in Snow Water Equivalent

The average DJF centered Pearson product-moment coefficients, or the average statistical similarity
between two datasets at identical locations for SWE across the 25 seasons (with removal of the
mean), for all of the simulations were computed against each of the remapped reference datasets
for the Sierra Nevada masked region (Table . The Pearson product-moment coefficients are
calculated by computing the covariance of the two datasets and dividing by the product of their
standard deviations. Averaging all of the Pearson product-moment coefficients across all grid-
points within the mask is useful in showing the seasonal similarity in SWE trend across the entire
Sierra Nevada. Interestingly, the VR-CESM simulations were almost identical in average seasonal
correlation compared to the reanalysis datasets (at around 0.67 to 0.71) for the Sierra Nevada.

WRF-9, remapped to 0.125° (14km) resolution, showed the highest seasonal correlation at 0.83.
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However, this was not unexpected considering the WRF simulations were forced by ERA-interim
data. Both CESM-FV 0.25° and CESM-SE 1° had the lowest correlation with 0.28 and 0.19,

respectively.

Additionally, seasonal average bias was computed across model simulations for the Sierra Nevada
(Table . VR-CESM 0.25° (rough) had the smallest average seasonal bias to the reanalysis dataset
average with a slight negative bias of -2.7 mm, with VR-CESM 0.125° the next closest at -6.4
mm. Although WRF-9 showed best agreement with the NLDAS reanalysis datasets. The WRF
and UNIFORM CESM simulations had similar tendencies to one another with a positive seasonal
bias occurring in the higher resolution simulations and a negative trend in the coarser resolution
simulations, much the same as [Caldwell (2010) indicated for winter precipitation tendencies in
California. Figure [7] shows the average climatological difference in snow water equivalent between
model and reanalysis datasets. Bluer (redder) colors represent a more positive (negative) model bias
over the simulation period. In general, higher resolution models tend to overproduce SWE whereas
lower resolution models tend to underproduce SWE. This is likely due to the underrepresentation
of topography within the model simulations. Interestingly, in several of the simulations a positive
bias appears on the western slopes of the Sierra Nevada and a negative bias occurs on the eastern
slopes. This may be caused by an oversensitivity to orographically forced upslope winds that push
the model to overproduce snowfall as the storms move from the windward to leeward side of the
Sierra Nevada. In addition, increased topographic height that does not preserve the fractal peaks
and valleys in more detailed representations (see ETOPO2v2 in Figure|2)) could artificially enhance
orographic uplift. For example, in Figure [7] the orographic uplift bias was shown in the northern
Sierra Nevada for VR-CESM 0.125° and less so in VR-CESM 0.25° (rough), a potential reason why
nominal improvement was seen in snowpack characteristics for the Sierra Nevada when VR-CESM

model resolution was increased.

Climatology of Total Snowpack over the Water Year

The mean daily climatological total SWE (in kg) within the Sierra Nevada was calculated in order
to characterize the total water content of the region provided by snowpack (Figure . By averaging

the total SWE each day over all years (1980-2005) and then multiplying by the area of the mask
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(53,102,699,313 m?), the average snowpack mass is shown for the Sierra Nevada across model and
reference datasets. Each of the datasets were grouped according to their comparable resolution
counterparts (i.e., a) 0.125° (14km), b) 0.25° (28km), and ¢) 1° (111km)) to better showcase relative
magnitudes of Sierra Nevada SWE found within a given climatological day. It should be noted that
DAYMET has biases introduced during the dataset formulation that impacts its overall ability to
characterize mid-season snowpack and thus alters the SCD and timing of snowmelt. Further, the
CAL-ADAPT datasets were not used because daily resolution outputs were not available (only
monthly and annual) and the first hour (00 or 12:00 am) of each day within the NLDAS datasets
were used within the analysis. In general, VR-CESM 0.125° and VR-CESM 0.25° (rough) appear
to most closely match all of the reanalysis datasets in relative magnitude (Figure . A bimodal
profile in VR-CESM 0.125° is likely indicative of the artificial 1,000 mm cap in SWE imposed within
CLM4.0 to prevent excessive snow accumulation over Antarctica - future simulations will attempt
to alleviate this by removing the cap away from the polar regions. WRF-9, remapped to 14km, had
a high bias associated with total SWE in the Sierra Nevada, with a SCD value of around 21.4 x 1012
kg (more than twice the value shown in most of the reanalysis datasets as well as VR-CESM 0.125°).
In the 28km datasets, the magnitude of total SWE is consistent with the 14km results. VR-CESM
0.25° (rough) matched most closely to the NLDAS VIC 0.25° reanalysis dataset at 8.0 x 102 kg,
with all other datasets falling under that mark (<6.0 x 10*2 kg). The 111km resolution datasets
differed greatly from one another, with the peak accumulation of CESM-SE 1° values falling much
further below the remapped reanalysis datasets. This further highlights the inability of standard-
practice 1° GCM simulations to capture Sierra Nevada snowpack characteristics, especially with

respect to total water content.

Snowpack Timing and Melting Patterns

Peak timing of western USA snowpack accumulation (or SCD) is traditionally thought to occur
around April 1st (water day 182), although this has shifted due to regional warming trends in the
western USA (Kapnick and Hall, |2012; Montoya et al, 2014]). Since most of the reanalysis datasets
had discrepancies in representing the total water content and SCD within the Sierra Nevada, nor-
malized values of average climate day SWE are shown in Figure [J] for all datasets in comparison

to 19 SNOTEL stations (Figure . These stations were chosen based on daily observation avail-
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ability spanning the years 1980-2005. Further, the SNOTEL locations are representative of several
elevations found within the Sierra Nevada, spanning from 1864 m (Spratt Creek) to 2879 m (Vir-
ginia Lakes Ridge). Of note, the SNOTEL stations are clustered in the northern to central Sierra
Nevada, with no stations present in the south. As such, a subregion of the Sierra Nevada was made
to compare model results with observations from SNOTEL stations (see solid black subregion in
Figure|3]). This subregion was created using 12 of the USGS Hydrologic Units in the Sierra Nevada
(Seaber et al, [1987). If a SNOTEL station was located within or near an adjoining hydrologic
unit then the entire unit was kept (within the boundary of the Sierra Nevada Ecoregion). Further,
since the lowest elevation SNOTEL station was located at 1864 m (Spratt Creek), a topographical
threshold of 1824 m was imposed to create the subregion (this altitude was chosen to provide a
buffer around Spratt Creek). The normalizations were computed by removing the relative mean
from all climatological days within a given dataset and then dividing the resultant values by the
standard deviation. Like the plots for the mean daily climatological sums of SWE, all datasets
are grouped according to resolution, with added comparison to SNOTEL in each plot (Figure @
Among models, VR-CESM 0.125° and WRF-9 matched most closely to SNOTEL. However, both
had an early SCD bias. The SCD in VR-CESM 0.125° falls around water year day 170 (March
21st), the closest match to SNOTEL across all model datasets. SCD for WRF-9 falls around water
year day 160 (March 11th), around two weeks before the expected date. Melt rate and the date at
which the complete melt of SWE occurs differentiated VR-CESM 0.125° and WRF-9, with WRF-9
more closely matching SNOTEL. The melt rate in VR-CESM 0.125° was too rapid resulting in a
complete melt occuring around 30 days sooner than in the SNOTEL dataset. DAYMET had a
late SCD around day 191 (April 10th), 10 days after SNOTEL. The melt rate in the DAYMET
dataset was much slower than all other datasets. Further, since DAYMET analyzed each year in
isolation, the snowpack was discontinuous at water year day 91 (Thornton et al, 2014]). Snowpack
accumulation onset matched fairly well across all datasets, with the onset date around water year
day 36 (November 5th). Within the 28km simulations, most model datasets seem to match in terms
of having an earlier expected SCD clustered on water year day 151 (March 1st), around 30 days
sooner than SNOTEL. The remapped version of DAYMET at 0.25° showed a similar late SCD
bias (water year day 191) and showed a more drastic slow down in melt rate. All 0.25° datasets

matched fairly well in snowmelt rate and accumulation onset, matching well with SNOTEL. Full
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melt generally occured earlier (water year day 240) across models compared to SNOTEL (water
year day 270). In the 1° datasets, CESM-SE 1° had a physically unreasonable SCD (water year
day 90), snowmelt rate, and accumulation onset date. Interestingly, at the 1° resolution, the biases
in DAYMET are minimized and the SCD, snowmelt rate, date of complete melt, and accumulation

onset date all are well within the range of SNOTEL.

Linear Trends in DJF Seasonal Snowpack

Figure [10] highlights the linear trend in DJF seasonal mean SWE values for the historical period
in the Sierra Nevada SNOTEL subregion. For comparison, the 19 SNOTEL station datasets are
plotted in the upper left panel. The gray lines indicate individual SNOTEL stations with the
mean SNOTEL station seasonal trend shown in black and the linear trend line in red. Each of
the model and reanalysis datasets are plotted using similar axis bounds, except for WRF-9 which
exhibited larger values of SWE. SNOTEL stations are plotted with a larger axis, representative
of these observations being pointwise measurements in regions of greater snow accumulation. The
general trend across VR-CESM simulations is a slight decrease in DJF seasonal mean SWE. VR-
CESM 0.125° had the largest negative trend at -0.198 mm/year, with VR-CESM 0.25° (smooth) at
-0.093 mm/year and VR-CESM 0.25° (rough) at -0.029 mm/year. Except when compared to CAL-
ADAPT which shows a dramatic increase in SWE and DAYMET which shows a faster decrease
in SWE, the general trend for VR-CESM datasets are slightly more negative than the SNOTEL
and NLDAS reanalysis datasets. This result is corroborated by Mote et al (2005) who found a
2.2% decline in mean April 1st SWE across the in situ snowpack observational stations within
the Sierra Nevada over the historical record (i.e., 1990-1997 (final period) minus 1945-1950 (initial
period)), with inclusion of snow course data too. Interestingly, the 19 sampled SNOTEL stations
showed a nearly flat trend (0.016 mm/year) in DJF mean seasonal SWE over the study period.
WRF simulations showed differing results, with WRF-9 showing an exceedingly strong positive
trend (0.410 mm/year) in mean seasonal SWE and WRF-27 having a stagnant to slightly positive
trend (0.011 mm/year) matching most closely with SNOTEL. CESM-SE 1° and CESM-FV 0.25°
both had a negative trend in mean seasonal SWE, with magnitudes of -0.259 mm /year and -0.200

mm/year.
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Snow Cover (SNOWC) Summary Statistics

Figure |11 represents average climatological DJF SNOWC plotted for all datasets over California.
Similar to SWE, an increase in resolution results in a much more heterogeneous representation
of SNOWC properties that is more closely matched to observations, indicated by 12 seasons of
MODIS (MODIS-5) data. A topographic influence is clearly seen as resolution is increased, with
higher resolution models capturing lower elevation basins that are otherwise smoothed out. This
resolution dependence manifests itself in statistical calculations of average DJF SNOWC within the
Sierra Nevada (Table[d). WRF-9 showed the closest match to mean seasonal SNOWC with a value
only 1.5% lower than the MODIS dataset. VR-CESM 0.25° (rough) and VR-CESM 0.125° were
the next closest with a slightly more conservative estimate (7% below MODIS) of SNOWC. All
other datasets, except CESM-FV 0.25° which had a positive bias of around 8%, had much smaller
estimates of mean seasonal SNOWC. CESM-SE 1° provided the largest underestimate among the
model datasets with mean seasonal values at a quarter of the comparable remapped version of
MODIS. Interestingly, two of the best available high resolution reanalysis datasets (NCEP and
NARR) seem unable to properly capture the Sierra Nevada SNOWC characteristics in the MODIS
dataset, with most of the reanalysis datasets showing a negative bias for SNOWC. NARR-32
and NCEP-35 had mean SNOWC values at half to two-thirds of the value indicated by MODIS
and NLDAS VIC, NOAH, and MOSAIC were at 84%, 74%, and 47% of MODIS, respectively.
The median values for DJF SNOWC for VR-CESM 0.125° and VR-CESM 0.25° showed a close
approximation to those seen in NLDAS VIC. As expected, since SNOWC is capped at 100%,

maximum DJF SNOWC was reached by most modeling platforms.

Seasonal Variability in Snow Cover

Mean seasonal variability (interannual standard deviation of the seasonal mean) in SNOWC is
shown over California (Figure . Standard deviation values for each of the simulations are given
in Table As with the mean seasonal SNOWC values, WRF-9 had the best representation of
seasonal variability within the Sierra Nevada, with a close approximation to standard deviation
values in the remapped MODIS dataset (although it underestimates standard deviation in the lee

of the Sierra Nevada). VR-CESM 0.25° (rough) also was able to characterize seasonal variability at
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a realistic level, with a standard deviation only 14% below MODIS. All other modeling platforms
had a conservative estimate of variability ranging from half to three-fourths of the observed standard
deviation, when comparing to common remapped resolutions. This result is apparent in Figure
for each dataset and analyzing the IQRs. All datasets, save for WRF-9 and CESM-FV 0.25°, had
a conservative estimate of SNOWC summary statistics when compared to MODIS. Median values,

along with IQRs, are too low with a noticeable bias in the 75th percentiles.

Pattern Correlation and Bias in Snow Cover

The average seasonal centered Pearson product-moment coefficients and mean climatological bias
for SNOWC are exhibited in Table[5l MODIS was not used in the centered Pearson calculations as
it only spanned five years of the historical period (2000-2005). A close match was seen across both
VR-CESM and WRF modeling platforms when compared to the three NLDAS datasets. Most
values fell around 0.74 for the VR-CESM simulations and 0.84 for the WRF simulations. The
CESM-FV and CESM-SE had the lowest correlations at 0.53 and 0.15, respectively. The smallest
mean climatological bias in DJF SNOWC between MODIS and the model datasets was VR-CESM
0.125°, VR-CESM 0.25° (rough) and WRF-27, with negative baises of approximately 6-7%. CESM-
SE 1° produced the worst match across model datasets with a -28.5% bias. Of note, the NLDAS
reanalysis datasets also widely varied in their ability to characterize mean climatological SNOWC
bias when compared to MODIS with consistent negative biases ranging between -9.2% (NLDAS
VIC) to -29.4% (NLDAS MOSAIC).

Discussion and Conclusion

The primary goal of this paper has been to assess the efficacy of VR-CESM in simulating the mean
climatological state and seasonal variability within Sierra Nevada snowpack metrics (i.e., SWE,
SCD, and SNOWC). It was determined that the efficacy of the VR-CESM framework in simulating
climatological mean and seasonal variability in both SWE and SNOWC was competitive with tra-
ditional dynamical downscaling. Overall, considering California’s complex terrain and intermittent
climate, a 0.68 centered correlation (less correlated, yet similar to values seen in WRF), negative
mean SWE bias of <7 mm, and an IQR well within the range of values exhibited in the best

available spatially continuous datasets for SWE, the ability of both VR-CESM 0.25° (rough) and
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VR-CESM 0.125° to simulate SWE on both climatological and seasonal scales was confirmed. Of
note, both of the VR-CESM simulations were solely constrained by prescribed SST and sea ice
data, whereas WRF simulations were further constrained at lateral boundaries by ERA-interim
data (in addition to SST and sea ice), yet both showed comparable statistical properties. This
was similarly confirmed for the climatological mean for DJF SNOWC where both the VR-CESM
0.125° and VR-CESM 0.25° (rough) simulations were within 7% of the expected mean MODIS
value. VR-CESM 0.25° (rough) was able to characterize MODIS’ standard deviation well (86%
match). WRF-9 had the best representation of SNOWC with a near identical representation in
mean, standard deviation, and IQR, compared to MODIS, but at the cost of unreasonably high
SWE values. This is likely indicative of the over-exaggeration of topography at higher resolutions in
the model, where the fractal nature of peaks and, importantly, valleys are misrepresented (compare
ETOPO2v2 to model topography in Figure [2)) leading to a bias in overall snowpack characteriza-
tions. VR-CESM, as well as WRF, conveyed mixed results in representing seasonal variability in
SWE (average standard deviation value at each grid point), with generally conservative estimates
across all assessed modeling platforms except WRF-9 and CESM-FV 0.25° which had much higher
estimates. The total water content of snowpack within the Sierra Nevada was best represented
in both VR-CESM 0.125° and VR-CESM 0.25° (rough) when compared to the remapped NLDAS
VIC reference dataset at their respective resolutions. VR-CESM 0.125° and WRF-9 showcased the
best representation, across datasets, of SCD timing, snowmelt rate, and snowpack accumulation
onset, in comparison to SNOTEL. The two datasets differed in the date at which complete melting
of SWE occured with VR-CESM 0.125° occuring too early, whereas WRF-9 had a slightly late
onset. Interestingly, both SWE and SNOWC didn’t show a significant enhancement in snowpack
properties when VR-CESM resolution was moved from 0.25° to 0.125°; in fact the 0.25° simulation
(VR-CESM 0.25° (rough)) was slightly more skillful when considering all metrics. Topographical
roughness was found to play a much more significant role in representing snowpack properties with
VR-CESM 0.25° (rough) seeing a sixteen-fold decrease in average seasonal SWE bias, threefold in-
crease in SWE seasonal variability, an IQR increase from 48.9 to 64.1, and a considerable increase in
the SCD total water content for the Sierra Nevada. This is an improvement when compared to the
average of all of the reanalysis datasets. Furthermore, DJF temperature characteristics may have

played a role in modulating which of the simulations performed most optimally. Figure|14]highlights
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average climatological DJF 2m surface temperatures for only the model simulations. Below freez-
ing (< 273 K) temperatures are shown to be maintained over greater areas for the climatic period
across all higher resolution (< 0.25°) simulations, likely because of increased topographic elevations
in those areas. This temperature maintenance likely drives winter season snowpack accumulation

and sustainment.

The VR-CESM framework provides greatly enhanced representation of snowpack properties com-
pared to widely used GCMs (i.e., CESM-FV 1° and CESM-FV 0.25°). Simulation of Sierra Nevada
snowpack in the VR-CESM framework is competitive with traditional dynamical downscaling tech-
niques, but has the additional means of providing dynamic interaction with large-scale atmosphere-
ocean drivers and teleconnections that might not otherwise manifest in an RCM constrained by
boundary conditions. These two points lend them themselves well to using certain versions of
VR-CESMs (namely VR-CESM 0.25° (rough) and VR-CESM 0.125°) in projecting future climate

change scenarios and their resultant impacts on water resources over the western USA.

The topographical smoothing between the two VR-CESM 0.25° simulations had the most dramatic
influence on snowpack product tendencies found within the VR-CESM framework, even when
compared to changes resulting from a doubling of model resolution from 0.25° to 0.125°. As shown
in Table [2, mean seasonal SWE for the Sierra Nevada nearly doubled from 50.4 mm to 95.2 mm
between VR-CESM 0.25° (smooth) and VR-CESM 0.25° (rough), with a decrease in average DJF
climate bias in SWE from -52% to -2.3% when compared to the reanalysis dataset average. This
tendency was similar for the lower quartile, median, and higher quartile values. Similarily, the
seasonal variability, indicated by the standard deviation plots (Figure |5)) and standard deviation
values in Table [2] nearly tripled, making the VR-CESM 0.25° (rough) simulation the closest match
to the reanalysis dataset average within all model simulations. Changes in SNOWC trends were
also apparent, although less dramatic than SWE (Table . Average seasonal SNOWC increased
by 9% and the IQR increased from 48.9 to 64.1, matching more closely to the MODIS dataset value

of 74.5, with the higher quartile less conservatively biased.

Improved topographical resolution also resulted in better representation of the snow characteristics

of the maritime mountain ranges (e.g., the Cascades and the Coastal Range) (Figure . Maritime
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mountain ranges have shown some of the greatest snowpack decreases over the historical record
(Serreze et al (1999)); [Mote| (2003)); Mote et al (2005))) and are in need of the best available climate
change impact analysis due to a greater susceptibility to climate change trends (i.e., warmer and
potentially more precipitous weather fronts originating from relatively warmer ocean waters). This
is important because conventional GCM simulations are generally performed at resolutions too
coarse to properly resolve the aforementioned topographical forcings and, thus, may bias evaluations
used to guide climate impact studies and climate policy formulation. This isn’t to say that the
VR-CESM framework provides perfect representation of these ranges, but that it provides a more
realistic and computationally effective means to characterize these ranges in a changing climate.

This subject will be the target of further research.

A higher resolution surface dataset for PFT type would have been beneficial for this study, to
capitalize on the higher resolution (<0.5°) VR-CESM grids implemented into CLM, however none
were available at the time of writing. An extensive review of the North American and European
snowpack-canopy interaction literature by [Varhola et al (2010) argued that snowpack accumulation
and melting patterns can be significantly altered by changes in forest cover, accounting for relative
variance changes of 57% in snow accumulation and 72% in snow ablation. After discussion with the
CLM development team at NCAR, a two minute PFT dataset for the year 2000 was identified. This
dataset will be used in future simulations to assess the effects of canopy interactions on snowpack

metrics within a VR-CESM framework.

Added benefits of the VR-CESM framework, not discussed previously, include the large enhance-
ment in computational efficiency. For example, the 0.25°(0.125°) VR-CESM grid had approxi-
mately 8,400 (11,300) elements. When compared to conventional uniform resolution grids at 1.00°,
0.25° or 0.125°, which have 5,400, 86,400, and 345,600 elements respectively, a theoretical speedup
in computation time of 10 to 30 times is expected for the VR-CESM framework, with the as-
sumption of linear computational scalability highlighted in Dennis et al (2012)) and Zarzycki et al
(2014a). Therefore, for a relatively similar computational cost of a uniform 1.00° grid, one can
get vastly improved snowpack product characteristics over a limited region of interest, especially

within the California Sierra Nevada. This is a function of not only resolving smaller scale mete-
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orological features, but also due to better representations of topography and, in some cases, land
surface properties. Therefore, for only a fraction of the cost of a high resolution uniform GCM
run, the VR-CESM approach can be performed on a local server (<1000 processors), with 20-40
day turnarounds on 25 year simulation periods, and provide model resolutions of 0.25° (28 km)
to 0.125° (14 km), which decision makers (especially in the western USA water sector), may find
more useful in regional planning endeavors. The enhanced representation of snowpack and rela-
tive computational efficiency of VR-CESM lends itself well to future investigations of other SWE

dependent regions of the western USA, as well as ensemble-based climate change scenario analysis.
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Tables

Table 1: Datasets, and associated metadata, used to analyze the accuracy of the Variable Resolution
Global Climate Model (VR-CESM) simulations

Datasets Snowpack Product Spatial Resolution Temporal Resolution Projection Years Assessed
VR-CESM 0.25° (smooth) SWE and SNOWC 28km Daily VR-CESM in CAM and CLM - Equidistant 1980-2005
VR-CESM 0.25° (rough) SWE and SNOWC 28km Daily VR-CESM in CAM and CLM - Equidistant 1980-2005
VR-CESM 0.125° SWE and SNOWC 14km Daily VR-CESM in CAM and CLM - Equidistant 1980-2005
UNIFORM CESM (SE and FV) SWE and SNOWC 111 km and 28 km Daily Equidistant 1980-2005
WRF SWE and SNOWC 27km, 9km Daily Lambert Conformal 1980-2005
DAYMET SWE 1km Daily Lambert Conformal Conic 1980-2005
CAL-ADAPT SWE 14km Monthly Equidistant 1980-2005
SNOTEL SWE Point Source (19 stations) Daily Point Source (Automated Station) 1980-2005
NLDAS-2 SWE and SNOWC 14km Hourly, Monthly Equidistant 1980-2005
NCEP (CFSv2) SWE and SNOWC 35km Daily Equidistant 1980-2005
NARR SNOWC 32km Daily Lambert Conformal 1980-2005
MODIS/Terra SNOWC Skm Monthly Geographic Lat Lon or Climate Modeling Grid (CMG) 2000-2013
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Table 2: Summary Statistics of Seasonally Averaged Snow Water Equivalent (SWE) in the Sierra

Nevada

Model DJF Seasons Mean Standard Deviation | Lower Quartile Median Upper Quartile | Max  Sierra Mask Points
VR-CESM 0.25° (smooth) 25 50.4 80.1 3.10 19.8 60.9 663 2175
VR-CESM 0.25° (rough) 25 95.2 134 5.30 32.9 132 750 2175
VR-CESM 0.125° 25 91.0 125 7.40 37.6 125 751 8775
WRF-27 25 71.6 102 6.20 29.2 91.0 701 2175
WRF-9 22 233 365 5.60 48.8 314 3090 14058
‘WRF-9 (REGRID 0.125°) 22 231 349 7.60 63.2 317 2850 7721
CESM-SE 1° 25 3.40 7.50 0.00 0.50 2.40 41.7 150
CESM-FV 0.25° 25 179 188 23.6 111 291 875 2175
DAYMET 25 109 176 1.40 36.9 141 1000 1202620
DAYMET (REGRID 0.125°) 25 107 173 1.60 35.1 140 1000 8678
DAYMET (REGRID 0.25°) 25 102.3 168.4 1.90 32.0 127 1000 2156
DAYMET (REGRID 1°) 25 28.0 36.8 2.00 12.1 39.8 174 149
NLDAS VIC 0.125° 25 72.9 103 2.90 29.1 101 T 8748
NLDAS VIC (REGRID 0.25°) 25 73.8 102 3.10 29.4 105 629 2169
NLDAS VIC (REGRID 1.00°) 25 38.1 71.3 1.50 7.80 30.8 345 149
NLDAS NOAH 0.125° 25 56.3 84.2 1.50 19.7 75.5 616 8775
NLDAS NOAH (REGRID 0.25°) 25 574 84.4 1.70 21.1 75.9 518 2175
NLDAS NOAH (REGRID 1°) 25 28.7 56.4 0.70 5.60 23.0 321 150
NLDAS MOSAIC 0.125° 25 59.5 98.6 0.60 11.3 76.3 73 8748
NLDAS MOSAIC (REGRID 0.25°) 25 60.5 98.2 0.70 11.6 79.2 647 2171
NLDAS MOSAIC (REGRID 1°) 25 27.1 60.9 0.19 2.40 14.2 325 149
CAL-ADAPT CCSM3 0.125° 25 134 154 9.60 80.7 202 1060 8775
CAL-ADAPT CCSM3 (REGRID 0.25°) 25 136 155 9.90 80.8 206 944 2175
CAL-ADAPT CCSM3 (REGRID 1°) 25 73.4 88.1 1.20 484 107 416 150
CAL-ADAPT CNRM 0.125° 25 125 157 8.10 67.3 185 1210 8773
CAL-ADAPT CNRM (REGRID 0.25°) 25 127 158 8.60 68.5 191 1090 2174
CAL-ADAPT CNRM (REGRID 1°) 25 66.4 88.2 2.40 274 89.8 544 149
CAL-ADAPT GFDL 0.125° 25 95.0 121 5.40 49.1 141 959 8775
CAL-ADAPT GFDL (REGRID 0.25°) 25 96.3 122 5.60 49.3 141 855 2175
CAL-ADAPT GFDL (REGRID 1°) 25 47.0 65.2 1.90 26.0 67.6 448 150
CAL-ADAPT PCM1 0.125° 25 129 151 14.2 75.2 186 926 8775
CAL-ADAPT PCM1 (REGRID 0.25°) 25 131 153 15.4 75.8 188 861 2175
CAL-ADAPT PCM1 (REGRID 1°) 25 73.8 90.5 6.60 45.4 99.1 426 150
Reanalysis Dataset Average 0.125° N/A 97.4 134 5.50 45.9 138 915 N/A
Reanalysis Dataset Average 0.25° N/A 97.9 134 5.90 46.1 139 818 N/A
SNOTEL 25 237 186 103 195 308 1220 19 stations

Table 3: Snow Water Equivalent (SWE) Climatological Bias and DJF Seasonal Pearson Product-
Moment Coefficients (Centered) within the Sierra Nevada. Absolute value averages are computed
to eliminate sign dependency in bias comparisons across datasets.

Model VR-CESM 0.125°  VR-CESM 0.25° (rough) VR-CESM 0.25° (smooth) WRF-9 WRF-27 CESM-FV 0.25° CESM-SE 1°
DJF Climate Bias (units - mm)

NLDAS VIC 18.1 214 23.4 158 2.20 106 34.7
NLDAS NOAH 34.7 37.8 7.00 175 14.2 122 25.3
NLDAS MOSAIC 3L.5 34.7 10.1 172 11.1 119 23.7
CALADAPT CCSM3 42.8 40.3 85.1 97.3 63.9 43.9 70.0
CALADAPT CNRM 344 31.8 76.6 105.7 55.4 524 63.0
CALADAPT GFDL 4.00 1.10 45.9 136 24.7 83.1 43.6
CALADAPT PCM1 37.9 35.3 80.1 102 58.9 48.9 70.4
DAYMET 16.3 7.10 51.9 124 30.7 771 24.6
Reanalysis Dataset Absolute Value Average 27.5 26.2 47.5 134 33.8 81.3 44.5
DJF Pearson Pattern Correlation

NLDAS VIC 0.72 0.75 0.72 0.90 0.78 0.33 0.09
NLDAS NOAH 0.69 0.71 0.68 0.88 0.74 0.35 0.07
NLDAS MOSAIC 0.68 0.73 0.69 0.86 0.73 0.25 0.06
CALADAPT CCSM3 0.71 0.75 0.75 0.85 0.75 0.32 0.32
CALADAPT CNRM 0.71 0.75 0.73 0.85 0.75 0.31 0.29
CALADAPT GFDL 0.70 0.74 0.75 0.84 0.73 0.29 0.32
CALADAPT PCM1 0.72 0.76 0.73 0.86 0.76 0.35 0.33
DAYMET 0.45 0.48 0.42 0.63 0.48 0.04 0.08
Reanalysis Dataset Average 0.67 0.71 0.68 0.83 0.71 0.28 0.19
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Table 4: Summary Statistics of Seasonally Averaged Snow Cover (SNOWC) in the Sierra Nevada

Model DJF Seasons Mean Standard Deviation | Lower Quartile Median Upper Quartile | Max  Sierra Mask Points
VR-CESM 0.25° (smooth) 25 40.0 30.1 13.6 36.5 62.5 100 2175
VR-CESM 0.25° (rough) 25 48.9 33.5 17.5 46.7 81.6 100 2175
VR-CESM 0.125° 25 48.7 30.3 22.0 478 4.1 100 2175
WRF-27 25 42.9 30.1 15.3 40.0 67.2 98.0 2175
WRF-9 22 55.0 37.3 16.3 58.6 96.7 98.0 14058
WRF-9 (REGRID 0.125°) 22 54.3 35.6 19.1 56.3 92.3 98.0 7721
CESM-SE 1° 25 9.10 12.3 0.60 4.40 11.9 60.3 150
CESM-FV 0.25° 25 62.8 32.2 36.6 69.9 92.3 100.0 2175
NCEP-35 25 37.1 15.3 33.7 56.5 96.6 1350
NARR-32 25 22.5 0.60 9.60 37.5 100 1175
MODIS-5 12 56.7 18.0 65.0 93.0 100 25932
MODIS-5 (REGRID 0.125°) 12 55.8 18.5 62.8 90.7 100 4188
MODIS-5 (REGRID 0.25°) 12 55.0 16.3 61.4 90.8 100 1032
MODIS-5 (REGRID 1°) 12 37.6 3.80 34.0 69.1 95.7 60
NLDAS VIC 0.125 25 46.6 15.0 45.9 75.9 100 8742
NLDAS VIC 0.25 25 46.8 14.9 45.1 78.4 100 2166
NLDAS VIC 1.00 25 32 11.6 26.6 45.8 87.5 149
NLDAS NOAH 0.125 25 41.5 7.60 37.5 71.6 100 8720
NLDAS NOAH 0.25 25 421 8.30 38.4 73.4 100 2164
NLDAS NOAH 1.00 25 25.9 4.10 18.3 40.7 85.0 149
NLDAS MOSAIC 0.125 25 26.4 1.40 13.1 45.4 98.8 8722
NLDAS MOSAIC 0.25 25 26.8 1.40 13.1 47.6 98.2 2163
NLDAS MOSAIC 1.00 25 12.8 0.30 4.20 14.4 66.7 149
Reanalysis Dataset Average 0.125° N/A 42.6 10.6 39.8 70.9 99.7 N/A
Reanalysis Dataset Average 0.25° N/A 42.7 10.2 39.5 72.6 99.6 N/A

Table 5: Snow Cover (SNOWC) Climatological Bias and DJF Seasonal Pearson Product-Moment
Coefficients (Centered) within the Sierra Nevada. Absolute value averages are computed to elimi-
nate sign dependency in bias comparisons across datasets.

Model VR-CESM 0.125°  VR-CESM 0.25° (rough) VR-CESM 0.25° (smooth) WRF-9 WRF-27 CESM-FV 0.25° CESM-SE 1°
DJF Climate Bias (units - mm)

NLDAS VIC 2.10 2.10 -6.80 -3.70 1.90 16.0 -22.9
NLDAS NOAH 7.20 6.80 -2.10 1.40 6.60 20.7 -16.8
NLDAS MOSAIC 22.3 22.1 13.2 16.5 21.9 36.0 -3.70
MODIS-5 -7.10 -6.10 -15.0 -12.9 -6.30 7.80 -28.5
Reanalysis Dataset Absolute Value Average 9.70 9.30 9.30 8.60 9.20 20.1 18.0
DJF Pearson Pattern Correlation

NLDAS VIC 0.76 0.79 0.77 0.92 0.84 0.56 0.24
NLDAS NOAH 0.78 0.80 0.77 0.92 0.85 0.60 0.17
NLDAS MOSAIC 0.65 0.69 0.68 0.78 0.76 0.44 0.04
Reanalysis Dataset Average 0.73 0.76 0.74 0.87 0.82 0.53 0.15
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Figure 1: The two variable-resolution global climate model grids (0.25° (28km), left and 0.125°

(14km), right) used for this study. Both grids are developed on a cubed-sphere with a 1.00° quasi-

uniform resolution (111km). The dashed lines highlight the model transition region and the solid

lines indicate the higher resolution regions.
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Figure 2: Topographical representation of the Sierra Nevada mountain range and surrounding
regions across model datasets. Topography from variable-resolution CESM is displayed in order of
increasing grid resolution from (a) to (c). The standard CESM and WRF simulations are displayed
in order of increasing resolution from (d) to (g). The ETOPO2V2 dataset, representing 2-minute
(2 km) gridded topographic relief is depicted in (h).
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Figure 3: The EPA’s Ecoregion Level III (6.2.12) shapefile mask used for summary statistic cal-
culations of the Sierra Nevada mountain range (dashed black outline). SNOTEL station locations
(blue triangles) are overlaid onto the ETOPO2v2 topography. The solid black outline is used to
indicate the subregion used to compare model and reanalysis data to SNOTEL stations.
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Figure 4: Average climatological DJF snow water equivalent (SWE) across model and observational

datasets over California.
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Figure 5: Average DJF variability (interannual standard deviation of the seasonal mean) of snow
water equivalent (SWE) across model and observational datasets over California.
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Figure 6: Boxplots of seasonal (DJF) Sierra Nevada snow water equivalent (SWE) across modeling
platforms and observational datasets. The boxes represent the 25th and 75th percentile values
within the Sierra Nevada masked region, with the median value indicated in between. The minimum
and maximum range is depicted by vertically dashed lines. Regridding of reanalysis datasets to
0.25° (or 0.125° for DAYMET) had no noticeable effect on the statistics and so are not shown.
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Figure 7: Average difference in DJF SWE between model and reanalysis datasets over California.
Rows indicate model output and columns represent gridded or reanalysis datasets. Blue (red)
indicates a model positive (negative) difference in SWE compared to the given reanalysis dataset.
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Figure 8: Average water year day totals for SWE within the Sierra Nevada SNOTEL subregion.
Plots are sorted according to the resolution of the models - namely, (a) 0.125° (14km), (b) 0.25°
(28km), and (c) 1° (111km). The Sierra Nevada SNOTEL station datast (19 locations) is plotted
in black within each diagram. The horizontal axis represents Water Year Day (beginning October
1st through September 31st).
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each diagram. The horizontal axis represents Water Year Day (beginning October 1st through
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40



1400
1200
1000
800
600
400
200

Snow Water Equivalent (mm)

700
600
500
400
300
200
100

Snow Water Equivalent (mm)

700
600
500
400
300
200
100

Snow Water Equivalent (mm)

700
600
500
400
300
200
100

0

Snow Water Equivalent (mm)

1980 1985 1990 1995 2000 2005

SNOTEL

| AN
] A

I a) Standardized Coefficient = 0.0160693

AN

AAY/

WRF-27

A

3 UV

|e) Standardized Coefficient = 0.0107258

A
A

NLDAS VIC 0.125°

[i) Standardized Coefficient = 0.103356 ]

A,

UAVALAY)

CAL-ADAPT CCSM3 0.125°

[m) Standardized Coefficient = 0.591966 |

700
600
500
400
300
200
100

1400
1200
1000
800
600
400
200

700
600
500
400
300
200
100

700
600
500
400
300
200
100

0

VR-CESM 0.25° (s)

VR-CESM 0.25° (r)

VR-CESM 0.125°

L L ' 2 700 L : L ' 700 X L ' 2
[b) Standardized Coefficient = -0.0933204 [©) Standardized Coefficient = -0.0293619 [ Standardized Coefficient = -0.198474]
E o 600 F 600
E F 500 3 500 9
E F 400 < 400 4
E o 300 /\ /\ F 300
3 3 200 M 200 5
V I
E F 100 F 100 4
T T T T 0 T T T T 0 T T T T
WRF-9 CESM-SE 1° CESM-FV 0.25°
L L : : 700 L L L . 700 : N . N
) Standardized Coefficient = 0.41018 |g) Standardized Coefficient = -0.258615 |h) Standardized Coefficient = 70,199932|
E o 600 F 600
E o 500 F 500 1
b o 400 F 400 1
1] o 300 F 300
E o 200 F 200 1
E o 100 F 100 4
T T T T 0 g T T T 0 T T T T
NLDAS NOAH 0.125° NLDAS MOSAIC 0.125° DAYMET 0.125°
L \ : 2 700 1 : \ ' 700 : \ ' 2
[i) Standardized Coefficient = 0.0855508] [k Standardized Coefficient = 0.115418] [ Standardized Coefficient = -0.335123]
E o 600 F 600
E o 500 F 500 1
E o 400 F 400 4
E F 300 300 9
; /\ /\ /\ A 1 /\A /\ /\ L 200 1
o 100 F 100 4
YAVIAAY, AVALAY
T ¥ T T 0 T T T T 0 T T T T
CAL-ADAPT CNRM 0.125° CAL-ADAPT GFDL 0.125° CAL-ADAPT PCM1 0.125°
700 L : L L 700 s L s 2
[0) Standardized Coefficient = 0.721947] [p) Standardized Coefficient = 0.740595|
F 600 F 600 1
E o 500 F 500 4
E o 400 F 400 4
1 /) ’ E 300 L300 4
: 1' E 200 3 200 4
; ‘ E 100 E 100
T T T T 0 T T T T 0 T T T T

1980 1985 1990 1995 2000 2005

1980 1985 1990 1995 2000 2005

1980 1985 1990 1995 2000 2005

Figure 10: Linear trend in average seasonal DJF SWE within the Sierra Nevada SNOTEL compar-
ison subregion across model, observational, and reanalysis datasets over the historical period (DJF
season 1980 to 2005). The SNOTEL dataset, plot (a), incorporates 19 SNOTEL stations spread
throughout the Sierra Nevada that contained 25 DJF seasons of observations. Gray lines indicate
individual SNOTEL station with the average seasonal DJF SWE value represented by the black
line. Standardized regression coefficient is shown in the upper left corner of each plot.
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Figure 11: Average climatological DJF snow cover (SNOWC) across model, observational, and
reanalysis datasets over California. The MODIS dataset spans the years 2000-2012.
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Figure 12: Average DJF variability (interannual standard deviation of the seasonal mean) of snow
cover (SNOWC) across model, observational, and reanalysis datasets over California. The MODIS
dataset spans the years 2000-2012.
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Figure 13: Boxplots of seasonal (DJF) Sierra Nevada snow cover (SNOWC) across modeling plat-
forms and observational datasets. The boxes represent the 25th and 75th percentile values within
the Sierra Nevada masked region, with the median value indicated in between. The minimum and
maximum range is depicted by vertically dashed lines. Regridding of reanalysis datasets to 0.25°
(or 0.125° for MODIS) had no noticeable effect on the statistics and so are not shown. The MODIS
dataset spans the years 2000-2012.

43



VR-CESM 0.25° (smooth)

40N A

35N -

125W

40N A

35N -

115W  125W
WRF-9

120W
WRF-27
40N - 40N { §
35N 1 35N 1
125W  120W  115W  125W

120W

120W

40N A

|

VR-CESM 0.25° (rough)

40N A

35N -

115W  125W
CESM-SE 1°

~m

115W  1256W

120W

120W

115W

VR-CESM 0.125°

115W
CESM-FV 0.25°

40N A

35N A

=

120W

125W 115W

260 262 264 266 268 270 272 274 276 278 280 282 284 286 288 290

Units (K)
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Chapter 2 - Projecting 21st Century Snowpack Trends in Western
USA Mountains Using Variable-Resolution CESM

Abstract

Climate change will impact western USA water supplies by shifting precipitation from snow to rain
and driving snowmelt earlier in the season. However, changes at the regional-to-mountain scale is
still a major topic of interest. This study addresses the impacts of climate change on mountain
snowpack by assessing historical and projected variable-resolution (VR) climate simulations in the
Community Earth System Model (VR-CESM) forced by prescribed sea-surface temperatures along
with widely used regional downscaling techniques, the Coupled Model Intercomparison Projects
Phase 5 Bias Corrected and Statistically Downscaled (CMIP5-BCSD) and the North American
Regional Climate Change Assessment Program (NARCCAP). The multi-model RCP8.5 scenario
analysis of winter season SWE for western USA mountains indicates by 2040-2065 mean SWE
could decrease -19% (NARCCAP) to -38% (VR-CESM), with an ensemble median change of -27%.
Contrary to CMIP5-BCSD and NARCCAP, VR-CESM highlights a more pessimistic outcome for
western USA mountain snowpack in latter-parts of the 21st century. This is related to temperature
changes altering the snow-albedo feedback, snowpack storage, and precipitation phase, but may
indicate that VR-CESM resolves more physically consistent elevational effects lacking in statistically
downscaled datasets and teleconnections that are not captured in limited area models. Overall,
VR-CESM projects by 2075-2100 that average western USA mountain snowfall decreases by -30%,
snow cover by -44%, SWE by -69%, and average surface temperature increase of +5.0 °C. This
places pressure on western USA states to preemptively invest in climate adaptation measures such

as alternative water storage, water use efficiency, and reassess reservoir storage operations.

Introduction

The 21st century will continue to see unprecedented and irrefutable changes to the climate system
(Field et al, [2014). These trends are well understood at the global scale but can be difficult or
impossible to use for informing conclusions at regional and/or local scales, in large part because

of topographically-driven microclimatic effects. Unfortunately, the majority of presently available
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climate projections using global climate models (GCMs) are constrained to resolutions of 1° for

multi-decadal and large ensemble modeling endeavors (Taylor et al, [2012; Kay et al, [2015). In

recent years there has been a push towards finer resolutions, and some long-term simulations have

achieved resolutions of 0.5° to 0.25°; however, for many of these studies the output fields and focus

are limited to a specific scientific inquiry (Wehner et al, 20105 |J. L. Kinter et al, |2013} [Bacmeister|

ket all 2014; |[Small et al, [2014; Harris et al, 2016). This resolution barrier has largely been due to

constraints in computing power, simulation throughput and data storage. Thus, climate projections

necessary for management and planning at the regional level are still needed.

The unmet need for local-scale data poses additional risks within the western USA where regional

climate change is directly altering snowpack totals. Snowpack is intrinsic to western USA hydrology

representing three-fourths of the freshwater supply (Palmer, [1988} |Cayan, (1996). Under global

climate change projections over the coming century, temperatures will continue to rise, snowpack
totals will decline, higher precipitation-to-snowfall ratios will occur, peak snowpack accumulation
will occur earlier in the season, record-setting low snowpack totals will continue to be set, and
natural freshwater storage (i.e., snow water equivalent (SWE)) will continue to diminish
let al, [2005}; Bales et al, [2006; [Barnett et al, [2008; Pavelsky et al, [2011}; [Kapnick and Halll, 2012}
[Pavelsky et all, 2012} [Salzmann and Mearns|, [2012; Wise|, [2012; [Ashfaq et al, [2013; Diffenbaugh et al,

2013} [Pierce and Cayanl, 2013} Rupp et al, 2013} Berghuijs et al, [2014}; Klos et al, [2014; [Berg et al,
2015} [Lute et al, [2015; [Belmecheri et al, [2016). This will impact both the timing and magnitude of

summer streamflows, which are essential in meeting agricultural water demand, providing a steady

energy supply, and sustaining ecosystem function. For example, the 2014-2015 snow season was the

driest year on record in California (5% of normal) over a 500 year period (Belmecheri et al, 2016)),

with water reserves at record lows and repercussions felt throughout California, especially in low-
income agricultural communities in the Central Valley such as the Tulare Basin. Snowpack decline
is especially important in the western USA energy sector where renewables (e.g., hydroelectric
power) provide 56% of generating capacity and energy development plans haven’t included future

climate impacts, potentially disrupting the ability of energy providers to consistently meet future

electricity demand (Bartos and Chester, 2015). If anthropogenic emissions continue unabated, the

drivers of hydroclimatic change could accelerate (Ashfaq et al, 2013), resulting in an increased
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number of low-to-no snow total years (Diffenbaugh et al, 2013) by the late 21st century.

Climate change will directly impact mountain snowpack in three ways. First, warmer temperatures
will lead to an earlier spring thaw, increasing spring season runoff from snowmelt and decreasing
late summer water availability. Second, in accordance with the Clausius-Clapeyron relationship,
warmer air holds more water and so leads to potential increases in large-scale precipitation in areas
with forced orographic uplift and warmer temperatures also tend to favor rainfall over snowfall.
This is of particular importance to the western USA where 20-40% of precipitation events occur at
or around freezing (-3 to 0°C) (Bales et al, 2006), making snowfall particularly susceptible to end-
of-century projections of warming between +1.4 to 5.4 °C (National Climate Assessment), [accessed
2016). Along the leeward (eastern) portion of the Sierra Nevada, an increase of 6°C would threaten
the majority of Sierra Nevada snowpack (above 3000 m) and a 2°C increase could shorten the snow
season by a full month (Bales et al, 2014). Rising surface temperatures are particularly important
in the spring months at mid- to high-elevations, which would normally be below freezing throughout
the winter period (Cayan, [1996; Stewart, [2009). These changes are further enhanced by the snow-
albedo feedback, which plays a pivotal role in determining the local and global radiative balances
(Anderson, [1976; Hall, 2004; Qu and Hall, 2014). The global radiative forcing associated with this
feedback, shown in recent GCM simulations for the IPCC (CMIP5), was found to be between 0.03
to 0.16 W/m?/K (Qu and Hall, 2014). Although not as substantive as the cloud-albedo (-0.55
W /m?) and aerosol (-0.27 W/m?) feedbacks, the snow-albedo feedback is nonetheless important,

especially in the northern latitudes (Field et al, [2014).

Regional climate models (RCMs) have been an instrumental stopgap in addressing the discrep-
ancy between coarse-resolution global simulations and the need for local-scale climate information.
However, these models have their own limitations (and associated uncertainties) derived from the
necessity of using a GCM forcing dataset (bias propagation), lateral boundary relaxation strategies
(introducing artificial noise), and lack the global-to-regional dynamic coupling that may be required
to understand multi-decadal climate change feedbacks, such as atmosphere-ocean teleconnections.
Methods such as bias correction have been employed to alleviate some of the uncertainty associated

with coupling global datasets with regional models (Ashfaq et al, [2013;|[Pierce and Cayanl,2013]), but
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these corrective techniques are often only applicable in a limited context and are difficult to apply

to future projections without assuming stationarity (i.e., that historical trends can describe future

trends; |Veldzquez et al (2015))), or adding compensating biases (Cannon et al, 2015; Pierce et al,

2015)). Statistical downscaling has also been useful for generating climate data at high resolutions,

and has been invaluable to management and planning organizations due to its low computational

cost (Groves et al, 2008; Maurer et al, 2010; Pierce et al, [2013; |Chen et al, [2014c; Berg et al, [2015]).

However, statistical downscaling typically relies on stationarity assumptions which may not hold
under a changing climate. Further, it has been shown that using relatively coarse GCM data can

lead to incorrect statistical inference and biased regional information, especially for precipitation

(Chen et al, |2014c; Berg et al, 2015) due to differences in seasonality and phenomenon causing

extreme precipitation at different GCM resolutions (van der Wiel et all [2016]). Thus, the develop-

ment of accurate regional climate change projections remains a major scientific problem and the

associated uncertainties associated have yet to be fully constrained, especially in the hydrologic

sector (Groves et all [2008)).

To advance the scientific understanding on this topic, and further constrain the magnitude, extent,
and spatial distribution of snowpack change, the authors have utilized a global-to-regional down-
scaling technique known as variable-resolution (VR) within the Community Earth System Model
(VR-CESM). This technique utilizes a global coarse resolution grid which is then horizontally re-
fined over a specific area of interest; hence, VR-CESM often requires 10% of the computing power
of a conventional uniform resolution global model simulated at high resolution. VR capabilities

have now been incorporated in operational GCMs across many major modeling centers (Skamarock

ket al, 2012; Harris and Linl 2013} [Zarzycki et al, 2014b; McCorquodale et al, [2014). To date, VR

has been proven effective for assessing regional climate (Rauscher et al, 2013; [Huang et al, 2016}

Rhoades et al, [2016; [Huang and Ullrich, 2016), large-scale weather systems (Rauscher and Ringler,

2014)), and tropical cyclones (Zarzycki and Jablonowski, [2014; [Zarzycki et al, [2014a), [2015)). The

multi-scale approach of VR-CESM allows it to serve as a bridge between GCMs and RCMs and
overcome many of the known issues with conventional downscaling methods. Namely, VR has the
ability to provide high-resolution in a desired area, eliminates multi-model lateral boundary forcings

(and propagated bias) used in conventional global-to-regional modeling pursuits, captures global
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teleconnections, and has a higher simulation throughput and smaller data storage demand when
compared to standard uniform-resolution GCMs. Added benefits of VR-CESM are also discussed in
greater detail in [Rhoades et al (2016)), where multi-year climate integrations were performed using
a small university server (<1000 cores), with 20-40 day turnarounds on 25 year simulation periods
at resolutions of 0.25° (28 km) to 0.125° (14 km). The VR grid used for this study focuses on the
western USA and is shown in Figure telescoping from a globally quasi-uniform 1° resolution to
a refined 0.25° region. Like other downscaling strategies, VR-CESM sub-grid-scale physics are still
being vetted down to extremely high-resolutions (i.e., <28 km) to assess scale sensitivity (Zarzycki
et al, 2014b)) and, currently, VR-CESM is not supported to be run at non-hydrostatic (<10 km)
scales. Therefore, if VR-CESM data is to be used for assessment and planning at local scales it
may be advantageous to use a bias-correction technique prior to using the VR-CESM data in any

impact study.

The structure of the remainder of the paper is as follows: Section 2 contains information about
the experimental design including specifications about VR-CESM, the VR-CESM forcing datasets,
and the ensemble of datasets used to intercompare the magnitude, extent, and spatial distribution
of change facing western USA snowpack totals in relation to VR-CESM. Section 3 highlights the
pre-2005 climate daily average comparisons between the various datasets to identify potential bias
originating from structural uncertainties. Section 4 presents the graphical and statistical intercom-
parion of SWE between the global-to-regional datasets. Section 5 provides a more comprehensive
analysis of VR-CESM snowpack trends at both seasonal and multidecadal time frames. Lastly,

section 6 discusses conclusions and future work.

Experimental Design

CESM Specifications

The Community Earth System Model (CESM), version 1.2.2, was utilized for this research. CESM
is a widely-used and community-supported climate model developed at the National Center for
Atmospheric Research (NCAR) and the US Department of Energy (DoE). Representations of each
of the major Earth system components, including the atmosphere, land surface, land-ice, ocean,

ocean-wave, river run-off and sea-ice, are available in CESM. This study used the F-component
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set, FAMIPCS5, which is standard practice for the Atmospheric Model Intercomparison Project
(AMIP) (Gates, 1992)). The F-component set couples the prognostic atmosphere (Community
Atmosphere Model version 5.3, CAM5) (Neale et al, |2010) and land-surface (Community Land
Model version 4.0 with satellite phenology, CLM4-SP) (Oleson et al, 2010) while using prescribed
sea-surface temperatures (SSTs) and sea-ice extent in place of dynamic ice and ocean models. The
use of prescribed SSTs allows for more accurate surface forcing when compared to simulations with

dynamic ocean and sea-ice and reduces computational and data storage space requirements.

Within CAMS5, the Spectral Element (CAM5-SE) dynamical core was used for this work (Taylor
et al, [1997; Dennis et al, |2012)). CAMS5-SE is built with a continuous Galerkin spectral finite-
element method to solve the hydrostatic atmospheric primitive equations. CAMS5-SE has several
demonstrable benefits compared with the other CAM dynamical cores, including unstructured
grid support that eliminates grid singularities at higher latitudes, and near-perfect multi-processor
scalability (Taylor and Fournier, 2010; |Dennis et al, |2012; Zarzycki et al, [2014a.b; Zarzycki and
Jablonowski, [2014)). Physical parameterizations in CAMb5, which simulate forcing due to sub-
grid scale processes, include aerosols (Ghan et al, |2012), deep convection (Neale et al, 2008,
macrophysics (Park et al, 2014a)), microphysics (Morrison and Gettelman, 2008]), radiation (Iacono
et al, 2008]), and shallow convection (Park and Bretherton, 2009). Further details regarding CAM5-

SE can be found in Neale et al (2010).

CLM4-SP uses a subdivision scheme to represent the heterogeneous distribution of glaciers, lakes,
urban landscapes, vegetation, and wetlands (Oleson et al, 2010; |Lawrence et al,|2011)). To accurately
describe each grid cell’s unique land surface distribution, the Moderate Resolution Imaging Spec-
troradiometer (MODIS) satellite data at 0.5° resolution is used for vegetation and high-resolution
surface datasets for soil types, urban expanse, and water bodies. The satellite-derived values for
vegetation are aggregated into 16 unique Plant Functional Types (PFTs), including non-vegetated.
A detailed PFT representation within each land-unit is critical in capturing snowpack trends, as
interactions between the canopy and snowpack are PFT specific for biogeochemical, radiative, and
hydrological processes such as interception, throughfall, canopy drip, water removal via transpira-

tion, and optical property interactions based on leaf angle (Lawrence et al, [2011)).
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The CLM4-SP snowpack model is based on several well established methods including |[Anderson
(1976), Jordan| (1991)), and |Yongjiu and Qingcun|(1997). The snowpack model is regarded as one of
the more complex (Cai et al, |2014)) and is among the best at representing key snowpack variables,
such as SWE (Chen et al, 2014b), in the suite of available coupled land-surface models. This
is due, in large part, to the discretization of five distinct snow layers that dynamically compact
and exchange energy and water. The five-layer model simulates the total life cycle of snowpack
including aging and compaction, black carbon and mineral deposition, ice mass, layer thickness,
optical properties, temperature profiles, and, importantly for water resources, water mass. As
shown, CLM4-SP accounts for many of the key drivers and processes that influence the snowpack
life-cycle, however the CLM4-SP snowpack module does have limitations in its ability to represent
peak snowpack timing (too early) and melt rate (too fast), especially when compared to point-

location in-situ observations (Chen et al, 2014bj; Toure et al, 2016; [Rhoades et al, [2016)).

VR-CESM Forcing Datasets

For the VR-CESM simulations, historically prescribed SST and sea-ice fractions were derived from
the Hadley Centre sea ice and SST dataset version 1 (HadISST1) and version 2 of the National
Oceanic and Atmospheric Administration (NOAA) weekly optimum interpolation (OI) SST anal-
ysis (Hurrell et al, 2008)) and the future SSTs and sea-ice forcings were derived from a future 1°
RCP8.5 bias-corrected dataset (Small et al, [2014), both of which were developed at NCAR. The
bias-correction compares simulated and observed SSTs and assumes that model errors from the his-
torical simulation will be similarly present in future simulations (i.e., quantile mapping). After the
bias-correction is applied, the SST and sea-ice fractions were then assessed and quality controlled
to ensure consistency between temperature and fractional area coverage were satisfied. Careful
consideration of how to best represent future SSTs and sea-ice are crucial as they influence ocean-
forced teleconnections that are simulated by the global dynamic atmosphere-land framework of
VR-CESM. Teleconnections are key drivers of regional scale variability in western USA wintertime
precipitation and snowpack trends (Wallace and Gutzler) [1981; \Glantz et al, [1991; Dettinger and
Cayan, |1995; Cayan, 1996; Cayan et al, [1999; Pandey et al,[1999)). Importantly, several studies have
shown that CESM has skill in representing the El Nifio Southern Oscillation (ENSO) (DeFlorio
et al, 2013; [Wang et al, 2014)), the Pacific Decadal Oscillation (PDO) (DeFlorio et al, 2013)), and
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the Pacific-North American (PNA) pattern (Li and Forest) 2014), all important for the western

USA. These teleconnection representations are expected to carry over into VR-CESM.

VR-CESM Model Grid and Topographical Fields

The VR grid was generated using SQuadGen (Ullrichl, 2014)), which uses paving to apply localized
refinement to a basic equiangular cubed-sphere followed by spring dynamics for smoothing. An
identical grid is used for both CAM and CLM in this research (Figure . To generate the topog-
raphy for the VR-CESM28 simulation, the ETOPO2v2 (2 km resolution) satellite derived dataset
was employed (National Geophysical Data Center}, 2006). Due to the high-order properties of the
dynamical core, smoothing is required to avoid spurious high-frequency noise from the sampled
topography. Thus, the original ETOPO2v2 dataset resolution (2km) was regridded and smoothed
slightly beyond the native VR grid resolution (28km) for numeric stability. This particular issue
was discussed in Zarzycki et al (2015) where excessive terrain roughness in CAM5-SE was shown
to produce spurious vertical velocities and numerical artifacts. Therefore, to alleviate this artificial
noise the ¢ parameter from Eqn. (1) in|Zarzycki et al (2015) was used to smooth the ETOPO2v2
topographic dataset along with repeated applications of fourth-order hyperviscosity. This process
produces a topographic representation of the western USA with more smoothing applied in regions
of coarser grid resolution. The resulting topography is a vast improvement over the excessively

smoothed topography typically employed by 1° uniform-resolution GCMs (Figure .

Statistical Methods

A key objective of this assessment is to understand the snowpack trends produced by VR-CESM28
from the 2025-2100 and compare them to widely-used GCM and RCM ensembles. A tabulation of
the established climate change datasets used for this intercomparison can be found in Table[6 To
standardize the various datasets, Climate Data Operators (CDO), NetCDF Operators (NCO), and
the NCAR Command Language (NCL) were used (Schulzweida et al, 2007; Zender, [2008]). The
climate and seasonal averages were computed using a mask of the Cascades, Klamath, Rockies,
Sierra Nevada, and Wasatch and Uinta (see Figure . These masks were derived from the EPA’s

Ecoregions classification system (Ecoregion Level III).
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The datasets were further remapped to similar map projections and to the highest resolution
needed for proper intercomparison (i.e., 4km for pre-2005 PRISM comparisons and 14km for
NLDAS/BCSD-CMIP5 RCP8.5 climate change comparisons). Remapping from coarser to finer
horizontal resolution was chosen to allow for equal comparisons between western USA mountain
shapefile masks without degrading high-resolution spatial information and to ensure that proper
statistical sampling of 250m to 500m elevational band trends could be made. To do this, the Earth
System Modeling Framework (ESMF) capabilities in the NCAR Command Language (NCL) and
TempestRemap (Ullrich and Taylor, [2015; |Ullrich et al, 2016) software suites were used. Summary
statistics for the five mountain ranges were calculated for each of the datasets, including mean,
standard deviation, lower quartile, median, upper quartile, and maximum. The Wilcoxon-Mann-
Whitney Rank-Sum Test was applied to assess statistical significance of differences between time

periods.

Climate Change Datasets Used for Western USA Intercomparison

To robustly assess the range of potential outcomes that the RCP8.5 scenario may have on western
USA mountain snowpack an intercomparison of the various modeling methodologies (e.g., dynam-
ical, statistical and traditional GCM) was conducted. The datasets were chosen based on public
availability and use in the literature. Brief descriptions of the various climate datasets are outlined

below.

VR-CESM28 was executed on the local UC Davis Climate Cluster from 1980-2005 and 2025-
2100, under the IPCC RCPS8.5 scenario. Daily average outputs were created for select variables in
CAM and CLM, including those featured in the analysis of this paper. Additional climatological
simulations have been produced by varying the initial conditions, but are not included in this
analysis (Rhoades et al, 2016; Huang et al, [2016; Huang and Ullrich, 2016). Importantly, in the
VR-CESM analyses mentioned it was found that it takes approximately 20-30 DJF simulated
months (seven to 10 simulated years) for the median California precipitation trends to converge
around a median value (across a multitude of VR-CESM resolutions). Thus, it is inferred that
these trends will hold throughout all western USA mountain ranges and the 26 year historical

baseline simulation is sufficient to ensure that natural variability (e.g., ENSO and PDO) is taken
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into account.

The Coupled Model Intercomparison Project, Phase 5, (CMIP5) incorporates over 20 modeling
centers worldwide. For the model intercomparison, the eight CESM family ensemble members were
utilized to create an ensemble average. The ensemble consists of six Community Climate System
Model (CCSM) 4.0 members (an earlier version of CESM), one CESM1 Biogeochemistry (BGC)
member (the full carbon cycle version of CESM), and one CESM1 CAMb5 member (the latest

production version of CESM).

The North American Regional Climate Change Assessment Program (NARCCAP) is an RCM
ensemble composed of a matrix of five driving GCMs with six RCMs over the Continental United
States (CONUS) at 0.5° (55 km) resolution (Mearns et al, 2009). In Phase I (Mearns et al, 2012)),
pre-2005 simulations (1970-2000) were performed and in Phase IT (Mearns et al, [2013), the future
projections (2040-2070) were simulated. All of the available RCM-GCM coupled members were

utilized to create an ensemble average for the intercomparison.

The Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections dataset consists of an
ensemble of model projections using a monthly bias-corrected and spatial disaggregation (BCSD)
technique (Maurer et al, [2007; Brekke et al, 2013). For the CMIP5 hydrologic projections (BCSD-
CMIP5), the BCSD method was utilized along with the use of the Variable Infiltration Capacity
(VIC) hydrologic model, version 4.1.2, to provide 0.125° (14 km) resolution model outputs for both
pre-2005 (1970-2000) and future (2040-2070) timeframes. Three of the CESM family ensemble
members (i.e., CCSM4, CESM1 BGC, and CESM1 CAMS5) were used to create an ensemble average

for the model intercomparison.

The North America Land Data Assimilation System Phase 2 (NLDAS) reanalysis dataset was cre-
ated via the incorporation of observational and model reanalysis datasets into three non-atmosphere
coupled land-surface models (i.e., NASA’s Mosaic Land Model, NOAA’s Noah Land Model, and
Princeton’s implementation of the VIC Land Model) over the continental United States at 0.125°
(14 km) resolution for the years 1980-2005 (Xia et al, [2012ba). [Rhoades et all (2016) showed that

the NLDAS ensemble closely approximated the SWE lifecycle (i.e., accumulation, peak timing, and
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melt rate) of 19 SNOTEL stations in the central Sierra Nevada over 1980-2005, warranting its use

in this current analysis.

The Parameter-elevation Relationships on Independent Slopes Model (PRISM) was developed at
Oregon State University and consists of a spatially continuous high-resolution (800m and 4km)
dataset spanning 1970 to present day for the United States (Daly et al, 2008]). Using a digital eleva-
tion model (DEM), 13,000 precipitation and 10,000 temperature observational stations, and several
key regional climate indicators (i.e., location, elevation, coastal proximity, topographic orientation
and position, vertical atmospheric layer, and terrain slope) the PRISM precipitation and surface
temperature dataset was constructed. Of interest to western USA hydroclimatological research in
coastal and mountainous regions, PRISM showed great improvement compared to other reanalysis
datasets (e.g., Daymet and WorldClim) due to its better characterization of coastal effects, cold
air drainage, elevational gradients, inversion layers, and rain shadows in these environments (Daly
et al, 2008). Although PRISM is widely regarded and used in the mountain climate community it
still has known biases, particularly over the California Sierra Nevada at high-elevations on wind-
ward facing slopes, when streamflow observations are utilized as a check on the PRISM total water

mass balance (Henn et al, 2016).

It should be cautioned that all of the SWE datasets available have inherent bias. This is due to
the use of land-surface models to address the discontinuity of in-situ measurements which only
represent a small sub-sample of the total snow covered area. Thus, they should not be viewed as
exact “truths”. Interestingly, a few new high-resolution spatially continuous observational datasets
are becoming more readily available for select mountain regions (in particular the Sierra Nevada
and Rockies), but at this time are not yet publicly available. These datasets utilize new tech-
niques including an 50m resolution airplane lidar measurement (Painter et al, 2016) and a Landsat-
era reanalysis product that utilizes the remotely sensed fractional snow cover area along with
Bayesian statistical inference techniques to derive a 90m spatially continuous product (Margulis

et al, [2016a,b]).
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Hydroclimate Trends in Western USA Mountain Ranges within VR-CESM28

Constraining historically simulated model bias is important in understanding how to best repre-
sent the processes governing mountain snowpack within a model. To this end, the VR-CESM28
1980-2005 simulation is assessed against the best available datasets for all western USA mountain
ranges regions for total precipitation (PRECT), SWE, and two-meter surface temperature (2mST).
Positive (negative) simulated model biases compared to the 4km-resolution PRISM data are high-
lighted in Figure [18|in blue (red) for daily climate averages of accumulated PRECT and 2mST.
For SWE, several datasets are presented, including the NLDAS three-member ensemble (14 km),
the NARCCAP nine-member ensemble (55 km) and the three-member BCSD-CMIP5 ensemble (14
km).

PRISM, used for PRECT and 2mST, is both a widely used and high quality reanalysis dataset
for mountainous regions. Agreement between VR-CESM28 and PRISM is apparent for accumu-
lated daily climate average precipitation in the western USA mountains. A slight positive bias is
apparent and consistent across most mountain ranges, but the bias is low, with peak accumulated
precipitation of 818 mm for PRISM and 872 mm for VR-CESM28 (+7% bias). Otherwise there is
general agreement within the 1980-2005 daily climate normal accumulated precipitation rates for
the entire western USA mountain region. Within individual mountain ranges, the Klamath had the
highest negative bias (-16%), which can be attributed to the Klamath being the smallest mountain
range within the western USA with rapidly varying orography that is poorly represented even at

28km.

A wide spread among different models is apparent in total simulated SWE, indicative of the difficulty
in accurately representing mountainous precipitation deposition and phase as well as the life cycle of
mountain snow processes. This variability in simulated vs observed SWE is in part due to the fact
that snowpack datasets at sufficiently high resolution and quality are non-existent (notably, models
from both the NLDAS and NARCCAP ensemble exhibit unphysically persistent SWE even through
the summer season). As highlighted in Rhoades et all (2016)), the NLDAS three-member ensemble
was found to be one of the best quality datasets when compared to 19 SNOTEL stations in the

Sierra Nevada; however, this may not hold throughout the western USA as each mountain range
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has a distinct character with respect to aspect, orientation, slope, proximity to the ocean, source
precipitation region, and vegetation cover. Thus, it is particularly difficult to assess bias in SWE
with no accurate and validated “truth”. Nonetheless, it is encouraging to observe that VR-CESM28
appears to fall in the mid-range of the available high-resolution datasets. VR-CESM28 had a peak
DJF average accumulation SWE value of 135 mm within the total western USA mountain region,
well within the range of values shown by other regional downscaling techniques. The three-member
NLDAS ensemble had the lowest peak DJF average accumulation SWE value at 73 mm, followed
by the NARCCAP nine-member ensemble at 148 mm and the BCSD-CMIP5 at 172 mm (although
this value was derived from monthly, rather than daily averages). As noted by [Rhoades et al (2016)),
VR-CESM28 also tends to have a early peak accumulation bias associated with an enhanced melt

rate leading to total melt occurring too early.

For 2mST, VR-CESM28 generally shows an enhanced seasonal cycle with increased bias in summer
(JJA, max of +1.9 °C) and winter (DJF, min of -2.7 °C) throughout the western USA mountain
region, except for the Klamath region where a cold bias is found throughout (min of -2.1 to max
of -2.7 °C). For the 2025-2050 period, the VR-CESM28 RCP8.5 simulation still oscillates within
the range of bias for PRISM 2mST, however over the 2075-2100 period temperature values are
well outside the 1980-2005 range for simulation bias. This suggests that the climatological signal
by end-of-century is beyond the range associated with model bias. The amplified end-of-century
warming leads to dramatic reductions in western USA mountain SWE (-69%), with an associated
earlier peak snow accumulation and complete melt a month earlier (May), a slightly amplified total
accumulated precipitation (+15%), with more rain and less snow (discussed later), and an amplified

minimum (+5.8 °C), average (45.0 °C), and maximum (+4.9 °C) 2mST.

SWE Climate Change Dataset Intercomparison for the Western USA

To quantify the magnitude and variability of changes in snowpack (SWE) and how VR-CESM28 fits
among already widely used downscaling strategies, the VR-CESM28, BCSD-CMIP5, NARCCAP,
and CMIP5 climate change datasets were assessed over their overlapping simulation temporal range
of 2040-2065 (under RCP8.5) for SWE within the five major western USA mountain ranges. For

each of the datasets only CESM derived ensemble members were used, save for NARCCAP where
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all ensemble members were used. Each of the datasets were separately averaged over their pre-
2005 and 2040-2065 periods. Summary statistics across the four global-to-regional downscaling
datasets are provided in Table [7| and the pre-2005 vs 2040-2065 percent change summary statistics
are provided in Table [§

The winter season (DJF) climate average for each dataset is plotted in Figure The datasets all
highlight a net-negative change in SWE by 2065, although the magnitudes of change and seasonal
variability exhibit some differences. The net change in SWE among the three regional datasets
varied from -19% (NARCCAP) to -38% (VR-CESM28). Individual mountain ranges exhibited
even more variation in the near-coastal regions (e.g., Cascades and Klamath) with the Klamath
showing the most disagreement. The Cascades, Klamath, and Sierra Nevada mean net-SWE loss
ranged from -36% (BCSD-CMIP5) to -63% (VR-CESM28), -22% (BCSD-CMIP5) to -74% (VR-
CESM28), and -30% (BCSD-CMIP5) to -60% (NARCCAP), with an ensemble mean change of
-50%, -49%, and -44%, respectively. Conversely, more resiliency in snowpack to climate change
was seen in the interior mountain ranges (e.g., Rockies and Wasatch and Uinta) across all of the
regionally downscaled datasets with net-average changes in SWE ranging from -8% (NARCCAP)
to -33% (VR-CESM28) and -21% (NARCCAP) to -41% (BCSD-CMIP5), with an ensemble mean
change of -20% and -33%.

The ensemble of CMIP5 simulations poorly characterize the magnitude of 1980-2005 SWE depths
(maximum depth of 18.9 mm) and thus highlight an inaccurate and dramatic change (-69%) in
SWE totals by 2065. This is largely a consequence of the poor topographic representation which

inhibits orographic precipitation and an inaccurate 0 °C isotherm.

Winter season (DJF) variability (standard deviation) for SWE is plotted in Figure[19)and quantified
in Table 8] Compared to the pre-2005 time-frame, most datasets and mountain ranges exhibit a
diminished seasonal variability with an overall net-change in SWE variability ranging from +0.3%
(NARCCAP) to -20% (BCSD-CMIP5), with an ensemble mean change of -9.4%. This effect was
most pronounced in coastal ranges, especially in the Klamath which exhibited a net-change of -
9.8% (BCSD-CMIP5) to -43% (VR-CESM28). This is explained by the negative shift in maximum

SWE coupled with an overall collapse of the lower-to-upper quartile ranges in most of the regional
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downscaling datasets, highlighted in the DJF seasonal averages in Figure 20} To further quantify
this, uncentered Pearson pattern correlations were computed for the ratio of the DJF climate
average and seasonal variability for pre-2005 and 2040-2065 for the entire western USA mountain
region. Across all datasets, a high-correlation (>0.91) was found for the aforementioned ratio,
indicating that a decrease in the climate average DJF SWE corresponds to a decrease in the

seasonal variability (i.e., collapse of the interquantile ranges).

DJF Climate Trends in Snowfall, Snow Cover, SWE and 2mST in VR-CESM

Changes in SWE are a function of a number of topographically dependent variables including
snowfall, snow cover, and 2mST (and their associated variabilities). To better understand the
character of the western USA snowpack, the impact of climate change on these quantities must
also be understood. Summary statistics for these quantities from VR-CESM28 are given in Table

[0 and are only representative of the mountainous regions in Figure [I7]

An assessment of the statistical significance (p=0.05) of the VR-CESM28 simulated winter (DJF)
season frequency change for the 1980-2005 compared to the RCP8.5 2025-2050 and 2075-2100
simulation results within the western USA mountain region across all hydroclimate variables was
performed using the Wilcoxon-Mann-Whitney Rank-Sum Test. This statistical significance test
is useful for data that may not be normally distributed and helps to identify when significant
changes associated with RCP8.5 begin to take effect on the simulated results. As can be seen
in Table [9] significant (p<0.05) changes from the 1980-2005 PDFs for each of the hydroclimate
variables are varied in the 2025-2050 results, but are unanimous in the 2075-2100 results across all
mountain ranges. As expected, this implies a significantly more pronounced climate change signal

by 2075-2100 compared with 2025-2050.

DJF climatological averages for snowpack variables are plotted in Figure for 1980-2005, 2025-
2050, and 2075-2100 under the RCP8.5 scenario in VR-CESM28. Additionally, the DJF seasonal
average summary statistics are provided in Table [9] which represent only the mountainous regions
depicted in Figure The climatological anomalies (difference between 1980-2005 and post-2025)

are plotted in the bottom two rows. Clear trends are seen throughout the western USA for all of the
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hydroclimate variables, with an amplified trend by 2075-2100. For snowfall (d-e), a small decrease
(-4%) is projected for the entire western USA mountain region by 2025-2050, with both positive
(Intermountain West) and negative (Coastal Ranges) tendencies. By 2075-2100, the climate change
signal is more apparent with an average decrease of -30% in total western USA mountain snowfall
that is amplified along the Pacific coast due to a precipitation transition from snow-to-rain. This
net decrease in snowfall helps to explain the substantial decrease in both snow cover (i-j) and SWE
(n-0). As with snowfall, snow cover (-10%) and SWE (-25%) only exhibit a weak response to
climate change through 2025-2050; however, by 2075-2100 average snow cover decreases by nearly
half (-44%) and SWE by two-thirds (-69%) throughout the study domain. These changes are
associated with an average increase in western USA 2mST anomalies (s-t) of +1.3 °C over the
2025-2050 period and +5.0 °C over the 2075-2100 period. Notably, there is a clear spatial signal
in the surface temperature anomaly, with larger increases in average temperature at high elevation

associated with elevation-dependent warming (discussed later).

An expected shift in precipitation phase from snow to rain has been posited throughout the lit-
erature due to climate change induced increases in air temperature (Bales et al, 2006; Berghuijs
et al, 2014; |[Klos et al, [2014; |Lute et all 2015)). This result is apparent in the VR-CESM28 simu-
lations (Figure [22)), which exhibit a clear shift from snow-to-rain (a-e) along with more wet snow
deposition (f-j) (i.e., decreased liquid-to-snow ratio). The snow-to-rain plots (a-c) are DJF climate
average ratios of snowfall over total precipitation and the liquid-to-snow ratio plots (f-h) are DJF
climate average ratios of snow water equivalent to snow depth. 1980-2005 DJF climate average
VR-CESM28 total precipitation was 3.5 mm/day and snowfall was 2.3 mm/day, but by 2025-2050
(2075-2100) DJF climate average total precipitation increased to 3.6 mm/day (4.00 mm/day) and
DJF climate average snowfall decreased to 2.2 mm/day (1.6 mm/day). The alteration in the pre-
cipitation phase within the western USA mountainous region resulted in a -4% (-24%) drop in the
snow-to-rain ratio by 2025-2050 (2075-2100) coupled with a mean increase in total precipitation of
+7% (+20%). The statistical significance of the change in snow-to-rain and liquid-to-snow ratios
for 2025-2050 were mixed in all of the mountain ranges; however, by 2075-2100 the statistical sig-
nificance in these changes become unanimous across all mountain ranges at the p=0.05 and p=0.01

threshold. Sensitivity of coastal ranges to precipitation phase alterations was evident. By 2075-
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2100, both the Cascades and Sierra Nevada showed a drop of -32% and -30% in their snow-to-rain
ratios. A slightly wetter snowpack emerges as the DJF climate average liquid-to-snow ratio drops
by -3%, with a decrease of -5% (lower quartile) to -11% (minimum) in parts of the study domain
by 2075-2100.

Winter Season Variability in 2mST, Snowfall, SWE, and Snow Cover

Winter season snowpack interannual variability plays a crucial role in water resource planning
in the western USA. An understanding of this variability is required to ensure sufficient water
availability during inevitable drought periods. The DJF interannual variability from VR-CESM28
for the four hydroclimate variables of interest is apparent in Figure 23] for several of the western USA
mountainous regions as a Hovmoller diagram of DJF latitudinal averages. The Hovmoller diagrams
are useful in characterizing not only the seasonal variability, but the latitudinal dependence of
these changes too. The anomalous deviations from the 1980-2005 DJF average are represented in
each figure with the 1980-2005 time period on the left, a gap filled 2005-2025 in the middle (not
simulated), and, finally, the RCP8.5 scenario results from 2025-2100 on the right. Anomalously
high (low) DJF seasons compared to the 1980-2005 climate average are represented via blue (red),

whereas the 2mST anomaly trend colors are flipped for reader intuition.

In Figure historical (1980-2005) hydroclimate trends within the region oscillate from season-
to-season about the mean with even distributions of high and low events. As the RCP8&.5 climate
change signal intensifies by the mid-to-end of century, a clear reduction in anomalously high winter
season snowfall, snow cover, and SWE occurs with a coupled increase in anomalously high 2mST.
Notably, by the 2050s anomalously high winter season snowfall, snow cover, and SWE become
effectively non-existent with anomalously high 2mST (43 °C to +6 °C) becoming the new normal.
The anomalously high 2mST in the western USA mountainous region is correlated with the demise

of snow cover.

Elevation-Dependent Warming

Elevation-dependent warming is associated with an increased warming signal in mountain regions

due to a combination of the snow-albedo feedback, changes in vertical humidity profiles of the lower
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atmosphere, and/or cloud-feedback processes (Group et al, 2015)). To understand the character of
this phenomena within our simulations, Figures and show 250m interval elevational profile
plots of the DJF climate average and 500m elevational band trends for the DJF seasonal average
time-series, respectively. For the 250m elevational profile plots, three selected mountain ranges
(Cascades (e-h), Rockies (i-1), and Sierra Nevada (m-p)) are included with the total western USA
mountainous region (a-d). These three mountains were selected as they represent the major moun-
tainous regions for water management and each spans the largest range of latitudes within the
western USA. Additionally, the 500m elevational band summary statistics were compiled in Table
along with the standardized regression coefficients, for each of the time-series and hydroclimate
variable. Historically, it is the case that elevations with maximum snowfall often do not co-locate
with maximum snow cover. In fact, western USA snowfall seems to be most pronounced around an
elevation of ~ 1000 meters (except for the Sierra Nevada), whereas snow cover increases approxi-
mately monotonically with elevation. The California Sierra Nevada trends may differ from the other
mountain ranges of the western USA as it has a unique combination of atmosphere-ocean factors
which could alter precipitation phase and deposition location. These features include its close prox-
imity to the ocean, high perpendicularity to the coastline, highest elevations in the conterminous
United States and precipitation trends dependent on the semi-permanent large-scale meteorological
pattern (e.g., Aleutian Low), association with extreme meteorology (e.g., atmospheric rivers), and,
in the southern portion, precipitation that is highly dependent on teleconnection patterns (e.g., the

ENSO and the North American Monsoon).

Several hydroclimatic trends further emerge from this dataset. Examining Figure 24 although
it is clear that the RCP8.5 climate change signal is much more apparent in the 2075-2100 DJF
climate average than the 2025-2050 period, the actual impacts are not distributed uniformly across
elevation categories. Throughout most of the western USA, only elevations below 2000m exhibit a
clear climate signal with respect to snowfall (again except for the Sierra Nevada). Over the entire
western USA mountainous region (a), peak average snowfall at 1250m elevation is diminished from
3.16 mm/day (1980-2005) to 2.87 mm/day (2025-2050), or -9%, and finally to 1.85 mm/day, or
-41% (2075-2100). Interestingly, peak snowfall elevation (1250m) is maintained across all of the

time-series in the total western USA mountainous region; however, in 2075-2100 the peak snowfall
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magnitude is maintained over a broader range of elevation bands with a slight increase in snowfall
at higher elevations compared to the 1980-2005 and 2025-2100 time periods. In response to the
decrease in low-elevation snowfall, snow cover and SWE also decrease dramatically below ~ 2000m.
Higher elevations are also impacted by warmer surface temperatures which reduce snow cover and

SWE, but these regions appear to be more strongly buffered against climate change.

Elevation-dependent warming is also apparent in the simulations as a consequence of the snow-
albedo feedback. Namely, an increased DJF climate average 2mST warming emerges by 2075-
2100 (Figure ) which is maximal around an elevation of 2000m (Figure . The freezing line
(highlighted with a dotted line at 273.14 K) shifts upwards in elevation from 750m to 1500m from
1980-2005 to 2075-2100 within the total western USA mountainous region. However, the elevation-
dependent sensitivity to increases in 2mST is not uniformly distributed. Interior mountain ranges
(e.g., Rockies) maintain their freezing line at elevations that the coastal ranges (e.g., Cascades)
showed an increased sensitivity to warming. For example, the 1980-2005 freezing line moved up in
the Cascades from 750m to 1750m, in the Rockies from 500m to 1000m, and in the Sierra Nevada
from 1500m to 2250m by 2075-2100. By 2075-2100, the Cascades’ DJF climate average 2mST was
above the freezing line throughout all elevations, with the Sierra Nevada showing a similar trend

save for the highest elevation class.

The upslope shift in elevation of the freezing line directly impacted the snow covered area and,
importantly, the stored water content (SWE) of the snowpack. From 1980-2005 to 2075-2100, the
average accumulated SWE (i.e., stored water content or the area under the curve) is diminished by
-21% by 2025-2050 and -63% by 2075-2100 within the total western USA mountain region. Further,
1980-2005 accumulated SWE diminished in the Cascades by -43% (-89%), in the Rockies by -22%
(-63%), and in the Sierra Nevada by -18% (-82%) within 2025-2050 (2075-2100).

The 500m elevational band winter (DJF) climate average anomaly trends for 1980-2005 and 2025-
2100 are plotted in Figure [25| and statistically summarized in Table As anticipated with 2mST
increases due to climate change, the largest decreases found in the VR-CESM28 simulations from
2025-2100 were at lower elevations, likely due to the phase shift from snow-to-rain seen in Figure

and upward shift in freezing line elevation. Resiliency of snowfall to climate change was shown
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at higher elevations starting at around 2000m to 2500m where nominal positive or negative trends
occurred. Elevational trends indicated a nonlinear negative change in snowfall of -10.7% from 2000m
to 1500m, -16.6% from 1500m to 1000m, and, finally, -20.9% from 1000m to 500m. This was further
shown in the standardized regression coefficients which steadily decreased towards negative one with

every 500m decent with coefficients ranging from 0.04 (>3000m) to -0.64 (500-1000m).

As shown in Figure 25| (b-c), from 2025-2100 a clear negative trend in SWE and snow cover, regard-
less of elevation, was found. This is further shown in the standardized regression coeflicients in Table
Interestingly, when compared to snowfall, both SWE and snow cover more linearly decreased
downslope. Winter season average snow cover trends indicated a -5.7%/500m to -6.8%/500m, save
for the change from 1000m to 500m of -18.9%/500m, and SWE trends showed a -11%/500m to
-15%/500m.

Anti-correlated to the aforementioned trends, average winter season 2mST anomalies showed a
steady increase and plateau upslope in the western USA mountain region (Figure . Average
winter season 2mST anomalies highlighted a 40.97 °C from 500m to 1000m and then a more rapid
increase of +2.85 to +3.81 °C from 1000m to >3000m. Further, the average maximum 2mST
anomaly at the 500m to 1000m elevation band was +2.35 °C; whereas, the 1000m to >3000m
ranged from +7.01 °C to +9.43 °C. As shown in Table the magnitude of the interquantile
ranges (i.e., an indication of seasonal variability) for 2mST increased by 101% to 210% from 1980-
2005 to 2025-2100 from 1000m to >3000m and decreased by 30% from 500m to 1000m.

Discussion and Conclusion

Water managers, particularly in the Western USA, have been increasingly demanding accurate pro-
jections of mountain snowpack in the coming century. To address this need, this paper has lever-
aged the highest quality publicly available snowpack projections (e.g., BCSD-CMIP5, CMIP5, and
NARCCAP) to understand historical and projected 21st-century western USA mountain snowpack,
augmented by cutting-edge climate simulations of the coming century with the variable-resolution

CESM model at 28km (0.25°). The conclusions from this analysis are as follows.

First, the multi-model analysis of winter season SWE for the entire western USA mountain region
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showed that by 2040-2065 average SWE could decrease between -19% (NARCCAP) to -38% (VR-
CESM). More resiliency in snowpack to climate change was seen in the interior mountain ranges
(e.g., Rockies and Wasatch and Uinta) compared to the coastal ranges (e.g., Cascades, Klamath, and
Sierra Nevada) across all of the regionally downscaled datasets. This resiliency to the climate change
signal is likely due to higher average elevation in the Rockies and Wasatch and Uinta mountain
ranges, a larger distance to relatively warm ocean waters (which stabilizes surface temperatures),
and less dependence on equatorial derived winter storm systems (particularly atmospheric rivers)
compared to the coastal mountain ranges. Last, all of the regional downscaling models exhibited
a diminished interquartile ranges and maximum values, meaning that the snow distributions will
diminish and snow deposition magnitudes will also decrease. This implies that seasonal snow
deposition will become more predictable (as the variation collapses around the median), but total
snow deposition will diminish overall. Regardless of the winter season variability differences, the
collective median SWE value from all three datasets dropped by 27% throughout the western USA
mountain ranges by 2065. The CMIP5 CESM global model ensemble, with no regional downscaling

strategy, had negligible snowpack totals and was unusable for this analysis.

Second, the VR-CESM28 1980-2005 results were compared to several of the most high-quality and
high-resolution spatially continuous datasets within the mountain research community. Compared
to PRISM, peak accumulated precipitation within the total western USA mountain region was found
to be positively biased in VR-CESM28 by +7% (818 mm for PRISM and 872 mm for VR-CESM28)
and 2mST is minimally biased in transitory seasons (i.e., Northern Hemisphere spring (MAM) and
fall (SON)) and maximized in summer (JJA) and parts of the winter (DJF). By 2025-2050, the
VR-CESM28 RCP8.5 climate change signal is within the range of bias for PRISM for PRECT
and 2mST, whereas by 2075-2100 the observed signal was outside this range. No quantitative
conclusions were made about SWE bias in our simulations due to the lack of coherence in available
datasets. The wide model spread is likely attributed to the use of land-surface models to abate
spatial discontinuities in in-situ observations, the sparsity of in-situ observations in sampling the
range of elevations and latitude/longitudes within a given mountain range, and, specifically to
regional climate models, a lack of resolution of both topography and vegetative cover. In |Rhoades

et all (2016), VR-CESM28 showed the tendency to have a early peak accumulation bias associated
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with too fast of a melt rate and too early total melt in a sub-region of the California Sierra
Nevada when compared to SNOTEL in-situ observations. With that said, the VR-CESM28 SWE
results fell in the middle of the available high-resolution SWE climate datasets analyzed, although
deviations in the overall snowpack lifecycle (i.e., accumulation, peak timing and melt-rates) were
observed. Therefore, the biased timing of peak snow accumulation and complete snow melt may
partially explain the lack of agreement between simulated and observed hydroclimate variables. The

simulated bias may be directly modulating 2mST which in turn impacts the snow-albedo feedback.

Third, VR-CESM28 results were further analyzed over the 2025-2100 time period across several
hydroclimate variables including snowfall, snow cover, SWE, 2mST, and total precipitation. This
was done to ensure a comprehensive assessment of the winter season western USA mountain hydro-
logic changes associated with RCP8.5 within a global-to-regional modeling framework. According
to the Wilcoxon-Mann-Whitney Rank-Sum Test, significant (p<0.05) change from the 1980-2005
PDFss for each of the hydroclimate variables varied by mountain range when assessing the 2025-2050
results, but were unanimous in the 2075-2100 results. Overall, VR-CESM28 projects a two-thirds
reduction (-69%) in average mountain SWE with associated decrease in snow cover by nearly-half
(-44%), an associated earlier peak snow accumulation and complete melt a month earlier (May),
an uptick in mountainous total precipitation (+20%), with more rain and less snow (-24% drop in
snow-to-rain ratio) and, lastly, and an amplified minimum (+5.8 °C), average (+5.0 °C), and max-
imum (+4.9 °C) mountain 2mST. Notably, by the 2050s anomalously high winter season snowfall,
snow cover, and SWE become almost non-existent with anomalously high 2mST (+3 °C to +6
°C) becoming the new normal. The nonlinear jump in 2mST found in the VR-CESM28 projection
simulations are likely indicative of a shift in the variability of the freezing line and a modification
of the local snow cover. This variability is explained, in part, by the increase in magnitude of the
interquartile ranges (i.e., the variability between colder and warmer seasons) and the diminished
minimum anomalies (i.e., historically cold years). The increased variability of the freezing line
and modification of snow cover creates a positive feedback loop by which the regional albedo is
diminished and leads to more radiation being absorbed at the surface, positively amplifying the

2mST.
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Fourth, VR-CESM28 hydroclimate variables were further analyzed for elevational dependency
within western USA mountain ranges. A notable nonlinear change in temperatures among the high-
est mountainous regions (i.e., the Rocky Mountains and the southern portion of the Sierra Nevada)
was evident and supports the hypothesized phenomena known as elevation-dependent warming.
For example, average (maximum) winter season 2mST anomalies were +0.97 °C (42.35 °C) from
500m to 1000m and +2.85 °C (47.01 °C) to +3.81 °C (+9.43 °C) from 1000m to >3000m, with
a maximized elevational warming between 2000-3000m. In addition, the snowfall maxima didn’t
always co-locate with the maxima snow cover elevation. This is likely a result of the variability of
2mST around the freezing-line where peak snowfall is deposited in a region of high variability where
at-or-below freezing 2mST weren’t maintained and snow cover becomes more ephemeral. Snowfall
at higher elevations (2000m to >2500m) was nominally positive or negative; however, nonlinear
negative change in snowfall was found as you progress downslope. Over 500m intervals, snowfall
dropped by -10.7% from 2000m to 1500m, -16.6% from 1500m to 1000m, and -20.9% from 1000m to
500m. Interestingly, when compared to snowfall, both SWE and snow cover more linearly decreased
downslope. Winter season average snow cover trends indicated a -5.7%/500m to -6.8%/500m, save
for the change from 1000m to 500m of -18.9%/500m, and SWE trends showed a -11%/500m to
-15%/500m. The average freezing line elevation in the western USA mountainous region shifted
upwards from 750m to 1500m from 1980-2005 to 2075-2100. The 750m upslope migration of the
1980-2005 freezing line wasn’t uniform throughout each mountain range. Interior mountain ranges
(e.g., Rockies and Wasatch and Uinta) maintain their freezing line at lower elevations compared to
coastal ranges (e.g., Cascades, Klamath and Sierra Nevada). For example, the 1980-2005 average
freezing line in the Cascades moved from 750m to 1750m, the Rockies from 500m to 1000m, and the
Sierra Nevada from 1500m to 2250m by 2075-2100. Overall, this implies that cities that fall within
750m to 1500m (2450 ft to 4920 ft), such as those in the foothills of the western USA mountains
(e.g., Reno, NV, Salt Lake City, UT, Idaho Falls, ID, and Yosemite Valley, CA), will experience

less maintained snow accumulation than historically observed.

To continue the assessment of VR-CESM and its applicability to real world problems further re-
search is needed. VR-CESM28 was only run at one resolution (28km) with one topographic rep-

resentation with the maximum elevation for these simulations at 3274m across the western USA
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mountain region, or 1150m below the highest peak in the western USA (Mt. Whitney). This
singular topography choice was largely due to computational restraints as the focus was placed
on running longer simulation time-frames. Therefore, the effects of orographic resolution and its
associated forcing sensitivity will be assessed in future research. As shown in this study, VR-
CESM28 may be too sensitive to orographic uplift as snowfall precipitates out too quickly at lower
elevations and is not disbursed over larger bands of elevation, save for the Sierra Nevada. Thus,
work is needed to understand how the variation in topographic resolution in VR-CESM impacts
the hydroclimate trends in mountainous regions and the associated sensitivity to orographic uplift,
rainfall transport and deposition. Coupled to this, a bias in the lifecycle of simulated SWE was
found, but a complete analysis of the origin and development of this bias was out of the scope of
this paper. As such, a targeted resolution increase in VR-CESM will be utilized over a selected
mountain range to understand how CAM and CLM perform at a myriad of resolutions and where

simulated bias begins to originate (or diminish).

Overall, VR-CESM28 results highlight a stronger climate change signal than other conventionally
used datasets and, if the projections hold, will result in large ramifications for hydrologic managers
of the western USA in the near-future. These changes will undoubtedly pressure western USA
states to preemptively invest in climate adaptation measures such as alternative water storage,
water-use efficiency, and reassess reservoir storage operations to ensure that a proper balance of
allocations between the human-energy-environment nexus are maintained. Some of these climate
adaptation strategies have already started in states such as California with the onset of its recent
2011-to-present unprecedented drought. With strong backing of policy and management, coupled
with insights from the research community, California has taken pro-active steps to work towards
better water management strategies. These strategies include more informed and targeted agri-
cultural water allocations, mandatory reductions in urban water use, more stringent groundwater
management and monitoring, and, finally, the reassessment of dated water right law from the 18th
to 19th century Spanish settlement era which lead to large guaranteed appropriations of surface and
groundwater to present day land owners and large cities (Hanak et al, 2011). More water manage-
ment initiatives like this will be needed to ensure proper resiliency to unprecedented hydroclimate

changes due to anthropogenic climate change.
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Tables

Table 6: Western USA climate datasets.

Climate Dataset Snowpack Variable Spatial Resolution — Temporal Resolution Assessed Timeframes
VR-CESM28 SNOWFALL, SNOWC, SWE, 2mST 28km Daily 1980-2005, 2025-2100
NLDAS SWE 14km Daily 1980-2005
PRISM PRECT, 2mST 4km Daily 1980-2005
BCSD-CMIP5 SWE 14 km Monthly 1975-2000, 2040-2065
NARCCAP SWE 55 km Hourly 1975-2000, 2040-2065
CMIP5 SWE 111 km Monthly 1980-2005, 2040-2065
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Table 7: Summary statistics for the winter season (DJF) average snow water equivalent (SWE)
within the western USA mountain ranges. Note that BCSD-CMIP5 was capped at 1500 mm due
to anomalously high SWE values in select grid points (e.g., Cascades). The ensemble value is
the average of the three-regionally downscaled datasets (i.e., VR-CESM28, BCSD-CMIP5, and
NARCCAP).

Standard Lower Upper  Interquartile
Climate Mean  Deviation ~Min ~ Quartile  Median ~Quartile Range Maz  Range
Western USA Mountains
Pre-2005 VR-CESM28  90.0 5.47 49.7 61.3 83.2 93.8 32.5 163 113
BCSD-CMIP5  94.7 5.93 22.6 67.0 96.2 114 46.9 197 174
NARCCAP 106 5.28 60.8 83.3 103 118 35.0 164 103
CMIP5 2.21 0.70 1.51 1.86 2.19 2.34 0.48 3.69 218
Ensemble 96.8 5.57 44.4 70.5 94.1 109 38.1 174 130
2040-2065 VR-CESM28  56.3 5.07 19.4 39.9 57.5 68.4 28.5 130 111
BCSD-CMIP5  70.2 4.75 31.8 53.0 68.9 7.7 24.8 113 81.7
NARCCAP 85.7 5.29 40.1 66.4 81.0 89.9 23.5 155 115
CMIP5 0.69 0.49 0.36 0.48 0.65 0.74 0.26 120 083
Ensemble 70.7 5.04 30.4 53.1 69.1 8.7 25.6 133 102
Cascades
Pre-2005 VR-CESM28 64.8 7.32 12.1 32.6 473 63.8 31.2 220 208
BCSD-CMIP5 123 7.34 18.1 81.6 117 158 76.1 247 229
NARCCAP 111 7.06 32.2 73.5 112 137 63.7 201 169
CMIP5 0.88 0.78 0.18 0.36 0.77 0.98 0.62 2.72 255
Ensemble 99.6 7.24 20.8 62.6 92.0 120 57.0 223 202
2040-2065 VR-CESM28 23.7 5.42 0.45 6.83 16.1 27.3 20.5 146 146
BCSD-CMIP5  78.1 5.86 23.6 53.2 73.1 94.9 41.7 160 137
NARCCAP 47.1 5.97 9.47 20.9 36.1 57.8 37.0 162 153
CMIP5 0.08 0.30 0.01 0.03 0.06 0.09 0.06 042 041
Ensemble 49.6 5.75 11.2 27.0 41.8 60.0 33.0 156 145
Klamath
Pre-2005 VR-CESM28  13.8 3.84 1.33 3.05 7.87 18.1 15.1 633 61.9
BCSD-CMIP5  61.7 6.13 10.7 34.1 59.5 78.0 43.9 151 140
NARCCAP 50.9 5.16 8.79 24.9 54.8 58.7 33.7 121 112
CMIP5 0.24 0.46 0.02 0.09 0.14 0.28 0.19 0.80  0.77
Ensemble 42.2 5.13 6.94 20.7 40.7 51.6 30.9 112 105
2040-2065 VR-CESM28  3.58 2.20 0.09 0.64 2.28 3.71 3.07 23.6 235
BCSD-CMIP5  47.9 5.53 9.37 18.2 38.8 65.2 47.0 113 104
NARCCAP 13.5 3.67 1.26 3.66 8.66 14.7 11.0 514 50.1
CMIP5 0.01 0.12 0.00 0.01 0.01 0.01 0.01 0.06  0.06
Ensemble 21.7 4.04 3.57 7.50 16.5 27.9 20.4 62.7  59.1
Rockies
Pre-2005 VR-CESM28 102 5.65 56.2 74.1 94.5 125 51.1 159 103
BCSD-CMIP5  91.3 5.71 26.7 71.1 93.0 103 3L.7 197 171
NARCCAP 114 5.29 64.9 92.3 112 127 34.5 183 118
CMIP5 2.71 0.81 1.80 2.29 2.56 2.83 0.54 476  2.96
Ensemble 102.2 5.55 49.3 79.2 99.7 118 39.1 180 131
2040-2065 VR-CESM28  68.2 5.37 21.5 50.8 74.3 79.8 29.0 140 119
BCSD-CMIP5  71.1 4.60 314 58.1 68.5 81.7 23.5 115 83.8
NARCCAP 105 5.49 52.3 87.5 104 114 26.0 180 127
CMIP5 0.88 0.55 0.46 0.62 0.83 0.94 0.31 145 0.99
Ensemble 81.5 5.17 35.1 65.5 82.4 91.7 26.2 145 110
Sierra Nevada
Pre-2005 VR-CESM28  79.4 6.98 2.70 32.8 86.9 106 2.7 203 200
BCSD-CMIP5 119 8.92 115 45.7 110 158 112 264 252
NARCCAP 63.8 5.92 13.3 32.0 54.3 81.8 49.8 128 115
CMIP5 0.48 0.62 0.04 0.22 0.34 0.58 0.36 1.64 1.60
Ensemble 87.4 7.38 9.17 36.8 83.8 115 78.1 198 189
2040-2065 VR-CESM28  38.6 6.22 2.61 10.7 25.3 33.5 22.8 160 157
BCSD-CMIP5  83.4 6.47 17.8 41.9 81.4 108 66.5 176 158
NARCCAP 25.2 4.74 3.75 5.81 19.2 26.2 20.4 89.7  86.0
CMIP5 0.03 0.19 0.00 0.01 0.02 0.04 0.03 0.17 0.17
Ensemble 49.1 5.86 8.07 19.5 42.0 56.0 36.5 142 134
‘Wasatch and Uinta
Pre-2005 VR-CESM28  90.6 5.77 25.7 64.9 89.4 99.2 34.3 175 149
BCSD-CMIP5  74.6 6.51 4.84 41.3 64.2 101 59.4 181 176
NARCCAP 88.8 5.65 38.2 64.6 88.4 106 41.2 156 117
CMIP5 1.12 0.66 0.43 0.86 1.09 1.15 0.28 245 2.02
Ensemble 84.7 5.99 22.9 56.9 80.6 102 45.0 171 148
2040-2065 VR-CESM28  56.3 5.52 13.5 27.9 56.3 65.5 37.6 115 102
BCSD-CMIP5  44.4 4.45 12.0 28.0 41.9 56.3 28.3 829 709
NARCCAP 69.8 5.73 21.1 40.9 64.4 87.9 46.9 157 136
CMIP5 0.24 0.33 0.08 0.15 0.20 0.30 0.15 048 040
Ensemble 56.8 5.26 15.5 32.3 54.2 69.9 37.6 118 103
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Table 8: Pre-2005 vs 2040-2065 percent change for the winter season (DJF) average snow water
equivalent (SWE) within the western USA mountain ranges. The ensemble value is the average of
the three-regionally downscaled datasets (i.e., VR-CESM28, BCSD-CMIP5, and NARCCAP).

Standard Lower Uppe?” Interquartile
Climate Mean Deviation Min Quartile Median Quartile Range Maz Range
Dataset (% Change) (% Change) (% Change) (% Change) (% Change) (% Change) (% Change) (% Change) (mm)
Western USA Mountains

Pre-2005 vs 2040-2065 VR-CESM28 -37.5 -7.25 -60.9 -34.9 -30.9 -27.1 -12.3 -20.1
BCSD-CMIP5 -25.9 -19.9 40.6 -20.9 -28.4 -31.7 -47.2 -42.3
NARCCAP -18.9 0.28 -34.0 -20.4 -21.2 -24.0 -32.8 -5.54
CMIP5 -68.6 -29.7 -75.9 -74.1 -70.3 -68.2 -45.0 -67.5
Ensemble -26.9 -9.38 -31.4 -24.7 -26.5 -27.6 -32.9 -23.9
Cascades
Pre-2005 vs 2040-2065 VR-CESM28 -63.4 -26.0 -96.3 -79.0 -66.0 -57.3 -34.5 -33.4 -29.8
BCSD-CMIP5 -36.3 -20.1 30.5 -34.8 -37.3 -39.8 -45.2 -35.2 -40.4
NARCCAP -57.7 -15.4 -70.6 -71.6 -67.7 -57.9 -42.0 -19.4 -9.60
CMIP5 -90.6 -62.0 -94.5 -91.4 -91.7 -90.7 -90.3 -84.7 -84.0
Ensemble -50.2 -20.5 -46.3 -56.9 -54.6 -49.8 -42.1 -29.9 -28.2
Klamath
Pre-2005 vs 2040-2065 VR-CESM28 -74.1 -42.8 -93.3 -79.1 -71.0 -79.6 -79.6 -62.6 -62.0
BCSD-CMIP5 -22.3 -9.82 -12.3 -46.5 -34.8 -16.4 7.02 -24.9 -25.9
NARCCAP -73.5 -28.8 -85.6 -85.3 -84.4 -75.0 -67.3 -57.5 -55.3
CMIP5 -94.9 -74.7 -98.2 -98.2 -95.2 -94.7 -93.1 -92.8 -92.6
Ensemble -48.6 -21.3 -48.5 -63.7 -59.4 -46.0 -34.1 -43.8 -43.5
Rockies
Pre-2005 vs 2040-2065 VR-CESM28 -33.0 -4.94 -61.8 -31.4 -21.4 -36.3 -43.3 -12.0 15.2
BCSD-CMIP5 -22.1 -19.4 17.7 -18.3 -26.3 -20.5 -25.7 -41.6 -50.9
NARCCAP -7.50 3.81 -19.5 -5.12 -6.63 -10.4 -24.5 -1.91 7.72
CMIP5 -67.5 -32.2 -74.2 -72.8 -67.4 -66.9 -42.0 -69.5 -66.7
Ensemble -20.3 -6.93 -28.9 -17.3 -17.4 -22.5 -33.0 -19.4 -15.9
Sierra Nevada
Pre-2005 vs 2040-2065 VR-CESM28 -51.4 -10.8 -3.53 -67.3 -70.9 -68.2 -68.7 -21.5 -21.7
BCSD-CMIP5 -30.1 -27.5 55.6 -8.20 -26.0 -31.2 -40.6 -33.3 -37.4
NARCCAP -60.4 -20.0 -71.9 -81.8 -64.6 -68.0 -59.1 -30.0 -25.1
CMIP5 -93.1 -69.7 -98.9 -96.2 -93.1 -93.2 -91.4 -89.8 -89.6
Ensemble -43.9 -20.6 -12.1 -47.1 -49.9 -51.3 -53.2 -28.6 -29.4
‘Wasatch and Uinta
Pre-2005 vs 2040-2065 VR-CESM28 -37.8 -4.29 -47.6 -57.0 -37.0 -34.0 9.54 -34.1 -31.8
BCSD-CMIP5 -40.6 -31.7 148.0 -32.1 -34.8 -44.0 -52.3 -54.3 -59.8
NARCCAP -21.3 1.44 -44.9 -36.6 -27.1 -16.9 13.9 0.76 15.6
CMIP5 -78.6 -49.7 -81.3 -82.5 -81.3 -74.1 -48.5 -80.4 -80.2
Ensemble -32.9 -12.1 -32.4 -43.3 -32.8 -31.4 -16.4 -30.6 -30.4
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Table 9: Winter season (DJF) average anomalies within western USA mountain ranges for RCP8.5
2025-2050 and 2075-2100 VR-CESM28 simulations. The Wilcoxon Rank-Sum Test p-values are
also given with a true (false) indication if the p-value is below (above) the 0.05 significance level.

Wilcozon
Winter Season Rank-Sum T¢ Standard Lower Upper  Interquartile
Anomalies p-value (p=0.05)  Mean Deviation Min Quartile Median Quartile Range Maz
‘Western USA Mountains
Snowfall 2025-2050 0.577 (False) -4.39 9.53 -18.9 -14.6 1.44 -1.88 12.7 21.8
( % Change ) 2075-2100 1.69 x 104 (True) -29.8 1.22 -43.5 -39.1 -35.0 -13.9 25.2 -24.4
Snow Cover 2025-2050 0.0371 (True) -10.2 29.0 -39.4 -11.7 -9.44 -4.47 7.23 -0.28
( % Change ) 2075-2100 3.16 x 107 (True) -44.2 22.7 -68.3 -68.3 -42.9 -35.6 17.0 -31.8
Snow Water Equivalent 2025-2050 3.97 x 1073 (True)  -24.9 1.81 -58.5  -29.2 -19.7 -20.1 9.15 X
( % Change ) 2075-2100 4.30 x 10712 (True) -68.9 -23.4 -88.3 -79.0 -70.8 -57.7 21.3 -55.7
Surface Temperature 2025-2050 0.0320 (True) 1.31 0.21 0.76 0.61 0.75 1.67 1.05 2.34
( Anomaly (°C) ) 2075-2100 1.90 x 10713 (True)  5.03 0.01 583 485 4.65 5.08 0.23 491
Cascades
Snowfall 2025-2050 0.289 (False) -10.7 8.68 -34.1 -32.1 -0.84 7.98 40.1 14.5
( % Change ) 2075-2100 6.97 x 1075 (True)  -54.9 -8.60 -87.0 -72.6 -56.3 -44.9 27.7 -40.9
Snow Cover 2025-2050 0.0247 (True) -20.3 4.88 -55.0 -33.5 -17.1 -10.5 23.0 -5.33
( % Change ) 2075-2100 3.00x 10712 (True) -71.5  -185 940 -824 715  -68.3 14.1 -51.0
Snow Water Equivalent 2025-2050 1.86 x 1073 (True)  -44.3 -11.8 -82.3 -68.7 -45.8 -39.9 28.8 -4.11
( % Change ) 2075-2100 4.30 x 10712 (True)  -90.1 -61.0 -99.0 -96.3 -92.6 -90.1 6.21 -83.4
Surface Temperature 2025-2050 0.108 (False) 0.91 0.04 1.25 0.64 0.76 0.41 -0.23 1.23
( Anomaly (°C) ) 2075-2100 1.06 x 10712 (True)  4.17 -0.12 4.96 4.09 4.02 3.89 -0.19 3.38
Klamath
Snowfall 2025-2050 0.271 (False) -18.3 -5.91 -31.7 0.26 -19.0 -14.2 4.64
( % Change ) 2075-2100 429 x 107! (True) -78.3 -42.2 -95.0 -87.6 -78.6 10.6 -72.6
Snow Cover 2025-2050 0.0494 (True) -32.7 -20.2 -62.5 -20.9 -19.3 -34.9 -14.0 -21.4
( % Change ) 2075-2100 1.54 x 10712 (True) -87.9 -57.6 -99.5 -94.2 -87.6 -87.7 6.43 -84.3
Snow Water Equivalent 2025-2050 0.0741 (False) -43.1 -7.31 -79.6 -30.2 -47.8 -49.4 -19.2 2.49
( % Change ) 2075-2100 1.54 x 10713 (True) -96.1 -78.8 -99.9 -97.6 -96.1 -97.0 0.61 -96.3
Surface Temperature 2025-2050 0.0679 (False) 0.82 0.02 1.56 1.23 0.23 0.60 -0.63 1.22
( Anomaly (°C) ) 2075-2100 1.90 x 10713 (True)  3.69 -0.06 448  3.84 3.47 3.59 -0.25 3.21
Rockies
Snowfall 2025-2050 0.672 (False) -2.29 4.56 -3.59 -6.04 1.41 1.60 7.65 8.28
(% Change ) 2075-2100 9.01 x 1073 (True)  -16.4 6.03  -239 233  -199  -6.87 16.5 -9.22
Snow Cover 2025-2050 0.0621 (False) -7.72 429 -42.5 -9.66 -8.25 6.02 0.34
(% Change ) 2075-2100 1.58 x 1071 (True) -38.1 47.2 -67.4  -48.8 -38.1 21.2 -27.5
Snow Water Equivalent 2025-2050 0.0108 (True) -22.8 -3.78 -61.8 -26.2 -17.5 -30.8 -4.59
( % Change ) 2075-2100 429 x 107! (True) -64.9 -18.0 -85.7 -77.1 -65.3 -58.6 18.6
Surface Temperature 2025-2050 0.0371 (True) 141 0.26 0.95 0.75 0.60 1.99 1.24 2.36
( Anomaly (°C) ) 2075-2100 1.90 x 1071 (True)  5.32 0.05 6.41 4.75 4.91 5.82 107 5.46

Sierra Nevada

Snowfall 2025-2050 0.603 (False) 264 117 657 141 G155 -5.69 198 70.0

(% Change ) 2075-2100 183 x 1077 (True)  -54.8  -20.1  -680 -62.1  -59.6  -5L.0 1.1 -31.0

Snow Cover 2025-2050 0.0494 (True) 2189 153 -TL9  -230 257 -19.0 4.02 8.18

( % Change ) 2075-2100 403x107° (True) -66.8  -175  -89.5 -781  -69.6 3.8 143 431

Snow Water Equivalent 2025-2050 0.0994 (False) ~ -187 249 835 341  -52.6  -44.3 -10.2 73.1

( % Change ) 2075-2100 L70x 1077 (True) -833  -338  -94.6 961  -042  -86.6 9.46 -53.8

Surface Temperature 2025-2050 0.0353 (True) 1.06 0.10 146 0.92 0.73 0.75 017 3.18

( Anomaly (°C) ) 2075-2100 475 x 1078 (True)  4.18 000 472 391 3.95 4.39 0.48 4.21
Wasatch and Uinta

Snowfall 2025-2050 0.893 (Falsc) 1.23 107 612 -5.07  -107 095 6.02 273

( % Change ) 2075-2100 550 x 1073 (True) 228 402 -245 205  -30.5  -33.7 -4.21 6.50

Snow Cover 2025-2050 0.0472 (True) -13.1 146 644  -186  -141  -17.9 0.73 428

( % Change ) 2075-2100 104x 107 (True)  -51.0 810  -80.8 -61.7  -549  -49.8 119 -16.7

Snow Water Equivalent 2025-2050 0.0136 (True) -24.1 148 675 375 -35.0 3.5 24.0 19.1

(% Change ) 2075-2100 403x1079 (True) -70.3  -144  -86.8 -85.9  -80.2 20.0 4.8

Surface Temperature 2025-2050 751 x 1073 (True)  1.83 0.20 130 145 1.09 2.04 0.59 2.70

( Anomaly (°C) ) 2075-2100 1.06 x 10712 (True)  5.83 002 590 573 5.68 6.09 0.36 475
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Table 10: VR-CESM28 simulated winter season (DJF) average 500m elevational anomalies within
the total western USA mountain range for 1980-2005 and 2025-2100 under the RCP8.5 climate

forcing.
Average Standardized
Winter Interquartile  Regression
Anomaly Elevation Min Mean Max Range Coefficient

Snowfall ( % Change )

1980-2005 (2025-2100) >500m  -56.3 (-94.5) 0.00 (-50.1) 113 (91.8) 420 (47.2) -0.03 (-0.64)
>1000m  -36.1 (-78.8) 0.00 (-29.2) 51.5 (90.7) 23.0 (43.0) -0.20 (-0.50)
>1500m  -32.4 (-50.4) 0.00 (-12.6) 30.3 (61.1) 29.7 (36.8) -0.30 (-0.36)
>2000m  -35.1 (-48.4) 0.00 (-1.92) 38.6 (59.7) 28.6 (36.0) -0.25 (-0.20)
>2500m  -37.4 (-48.8) 0.0 (5.88) 62.4 (70.9) 223 (29.7) -0.15 (-0.04)
>3000m  -39.5 (-54.9) 0.00 (7.88) 78.9 (93.0) 25.1 (43.2) -0.05 (0.04)

Snow Cover ( % Change )

1980-2005 (2025-2100) >500m  -73.3 (-97.7) 0.00 (-58.7) 97.4 (43.6) 61.7 (53.5) 0.10 (-0.67)
>1000m  -35.9 (-89.2) 0.00 (-39.8) 37.8 (35.8) 27.3 (47.0) -0.04 (-0.66)
>1500m  -32.9 (-82.9) 0.00 (-33.0) 23.1 (32.2) 220 (36.0) -0.17 (-0.61)
>2000m  -24.1 (-73.5) 0.00 (-26.3) 22.2 (23.5) 15.3 (33.1) -0.14 (-0.61)
>2500m  -32.2 (-65.8) 0.00 (-20.6) 28.4 (25.4) 15.3 (27.2) -0.20 (-0.53)
>3000m  -24.0 (-66.3) 0.00 (-14.3) 11.9 (13.5) 12.1 (21.3) -0.14 (-0.44)

SWE ( % Change )

1980-2005 (2025-2100) >500m  -90.2 (-99.8) 0.00 (-74.7) 230 (102) 70.7 (32.2) 0.01 (-0.50)
>1000m  -64.3 (-99.1) 0.00 (-62.9) 147 (174) 42.3 (43.0) -0.06 (-0.53)
>1500m  -63.9 (-97.2) 0.00 (-51.0) 88.0 (120) 54.2 (41.0) -0.14 (-0.54)
>2000m  -54.4 (-92.3) 0.00 (-42.6) 69.0 (86.5) 34.5 (48.7) -0.04 (-0.58)
>2500m  -54.2 (-85.0) 0.00 (-32.1) 141 (99.2) 422 (52.9) 0.01 (-0.46)
>3000m  -52.2 (-88.7) 0.00 (-17.5) 123 (220) 51.9 (52.9) 0.08 (-0.32)

2mST ( Anomaly (°C) )

1980-2005 (2025-2100) >500m  -2.95 (-0.76)  0.00 (0.97) 3.05 (2.35) 1.69 (1.18)  0.02 (0.66)
>1000m  -3.29 (-2.38) 0.0 (2.85) 3.11 (7.01) 1.65 (3.58) 0.04 (0.63)
>1500m  -3.15 (-2.78)  0.00 (3.29) 3.23 (8.28) 1.87 (3.76) 0.13 (0.61)
>2000m  -3.60 (-2.33) 0.00 (3.81) 3.71 (9.25) 1.39 (4.32)  0.21 (0.62)
>2500m  -3.36 (-1.63) 0.00 (3.55) 3.70 (8.85) 1.48 (3.52)  0.28 (0.62)
>3000m  -2.73 (-1.67) 0.00 (3.50) 3.74 (9.43) 1.33 (3.54)  0.29 (0.60)
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Figures

Figure 15: The VR-CESM grid used for this study utilized a quasi-uniform 111km (1°) base-
resolution in a cubed-sphere grid structure. The smooth VR refinement region is depicted via the
convex polygons with the highest grid resolution of 28km (0.25°) over the Eastern Pacific and the
western USA.
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Figure 16: Comparison of topographical distributions between (a) standard uniform-resolution
111km (1°) CESM and (b) VR-CESM 28km (0.25°) to (c) the satellite derived ETOPO2v2 1km
(2") dataset.
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Figure 17: The five EPA Ecoregion III sub-regions used in this assessment, delineated by color and
emboldened lines.
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Figure 19: The climate and seasonal (DJF) distributions and percent changes of SWE across the
western USA within four global-to-regional climate change datasets. SWE climate average totals
within pre-2005 (a-d) and RCP8.5 2040-2065 (e-h), SWE anomalies (i-1) and 2040-2065 seasonal
(DJF) variability are shown.
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Figure 20: The winter (DJF) season average box-and-whisker distributions of SWE across each of
the western USA mountain ranges and each of the simulation periods. The blue box-and-whisker
represents the 25 DJF seasons of pre-2005 simulations and the red box-and-whisker represents the
25 DJF simulated seasons from 2040-2065 forced by the business-as-usual (RCP8.5) scenario.
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Figure 21: A panel of VR-CESM28 winter (DJF) climatological averages of snowfall (a-c), snow
cover (f-h), SWE (k-m), and two-meter surface temperature (p-r) for 1980-2005, 2025-2050, and
2075-2100 under the RCPS&.5 scenario over the western USA. Climatological anomalies for the
RCP8.5 scenario versus 1980-2005 are highlighted in the bottom two rows.
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Figure 22: Similar to Figure[21] however for snowfall-to-rainfall (a-c) and liquid-to-snow (f-h) ratios,
with percent changes in each ratio highlighted under the DJF climatological averages (d-e and i-j)
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Figure 23: Hovmoller diagram of the latitudinal average DJF total western USA mountain range
(a), Cascades (b), Rockies (c), and Sierra Nevada (d), snowfall, snow cover, SWE, and 2mST
anomalies from the 1980-2005 DJF average. Regions of red (blue) indicate negative (positive)
seasonal trends, save for two-meter surface temperature which has opposite color indication.
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Figure 24: Panel plot of western USA mountain range 250m DJF temporal and spatial average
elevational profiles for snowfall, snow cover, SWE, and surface temperature for 1980-2005 (blue),
2025-2100 (green), and 2075-2100 (red) within VR-CESM28. The 250m profiles for the total western
USA mountain region are highlighted in a-d, Cascades in e-h, Rockies in i-1, and the Sierra Nevada
m-p. To help in assessing historical simulated variability in comparison to the RCP8.5 forcing,
sample standard-error bars were added at each elevation interval onto the historical simulation
elevation profile. For surface temperature, a 0 °C temperature threshold (freezing-line) is plotted

with a dotted line for visual guidance.
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Figure 25: Panel plot of 500m interval elevation bands within the western USA mountain region
for 1980-2005 and RCP8.5 2025-2100 DJF trends for (a) snowfall, (b) snow cover, (¢) SWE, and
(d) surface temperature anomalies for the VR-CESM28 simulations. The winter season variability
for each 500m elevation band are highlighted in a lighter-to-darker grayscale dashed line based on
lower-to-higher elevation bands. A dashed line is drawn at the zero anomaly y-intercept for visual
guidance.
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Chapter 3 - Truncation vs Transport - A Variable-Resolution CESM
Case Study of the Comparative Importance of Model Resolution

and Microphysics in a Mountainous Region

Abstract

Mountains are natural dams that impede atmospheric moisture transport and water towers that
cool, condense, and store precipitation. They play a pivotal role in the western US where pre-
cipitation is seasonally intermittent and snowpack is crucial to meet water demands. With an-
thropogenic climate change, the processes shaping the lifecycles of mountain snowpack must be
understood. Global-to-regional modeling tools such as variable-resolution in the Community Earth
System Model (VR-CESM) can help to develop new understanding of mountain snowpack lifecy-
cles. This paper continues the assessment of VR-CESM in modeling mountain hydroclimatology
to understand the role of horizontal resolution (28 km, 14 km, 7 km, and 3.5 km) and microphysics
(28 km and 14 km), specifically the diagnostic [Morrison and Gettelman| (2008) (MG1) scheme vs
the prognostic |Gettelman et al (2015) (MG2) scheme. The six-member simulation ensemble was
performed from 1999-2015 with the F_AMIP_CAMS5 component set, which couples the atmosphere-
land models and prescribes ocean data. We show that when MG1 is employed, model resolution
provides essentially no benefit at scales <14 km to accurately represent California’s mountain hy-
droclimatology. Conversely, with MG2 at 14 km resolution, substantial improvements occurred
with DJF climate average precipitation, snow cover and snow water equivalent within 6% of the
Parameter-elevation Relationships on Independent Slopes Model (PRISM), the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS), and the Landsat-Era Sierra Nevada Snow Reanalysis
(SNSR) datasets. Further, mountain windward/leeward distributions were vastly improved and
DJF seasonal Pearson correlations were +0.12 higher than MG1 simulations. A systemic mountain
cold bias was found within the VR-CESM ensemble, which worsens with resolution refinement and

is unresponsive to choice of microphysics.
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Introduction

Mountains act as both a natural dam that impedes atmospheric moisture transport and water tower
that cools, condenses, and stores precipitation that is then released as streamflow during seasonally
dry periods. This system is enabled through a combination of surface reservoirs, snowpack and
groundwater storage. Consequently, mountains are crucial in the western US (WUS) where pre-
cipitation is seasonally intermittent and extremes-driven. Water resources in this region are often
taxed by precipitation from wintertime atmospheric rivers (ARs) falling in regions that do not en-
able water catchment systems to capture and store water (Dettinger et al, 2011} Dettinger} 2013]).
This is especially relevant in California, where 50% (California Data Exchange Center (CDEC)),
accessed 2017) of total precipitation comes during the months of December, January and February
(DJF). Here snowpack deposition, on average, occurs in 5-15 days each year (Dettinger et al,[2011)),
mainly in the Sierra Nevada mountain range where 60% of the state’s consumptive use is derived
(Bales et al, 2011), and in which 37% of snow water equivalent (SWE) totals come from nine AR
events (Guan et al, [2013). Thus, the capture and storage of snowfall in mountain ranges such as
the California Sierra Nevada is particularly important for WUS water management and has been
shown to provide a natural water store that is equivalent to 70% of existing man-made reservoir
storage (or 35% of the total storage) (Dettinger and Anderson, |2015). With forcings associated with
anthropogenic climate change the Sierra Nevada mean snowpack stores are projected to diminish
by 30% to 60% by 2100 (Rhoades et al, 2017)) and the peak accumulation date will shift earlier by

6-21 days by mid-to-late century (Kapnick and Hall, 2010)).

Understanding the range of physical processes in WUS mountainous regions and how they may
change with the forcings associated with anthropogenic climate change necessitates the use of
climate models that can properly characterize land surface heterogeneity and synoptic-scale storm
systems. An accurate representation of WUS orography is particularly important to realistically
simulate the capture and storage of available precipitable water from the atmosphere. This is due to
the importance of mountain range orientation and perpendicularity to storm tracks, the mountain
slope variation impacts on orographic uplift, the corresponding alterations in the precipitation

phase, the resultant transport and deposition location of the hydrometeors, and the life cycle of
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stored mountain snowpack. For example, the resolution dependence that emerges from critical
regional climate drivers was discussed for California in |Caldwell (2010), Pavelsky et al (2011)),
and [Pavelsky et al (2012), using an RCM (the Weather Research and Forecasting Model), where
simulations conducted at resolutions coarser than 28 km (0.25°) were unable to resolve snowpack
totals. This was primarily due to inaccurate treatment of orographic uplift which in turn failed
to adjust mountain precipitation from rain to snow. Simulated snowpack trends are important
from a water-resources standpoint, but can also have cascading impacts on winter hydroclimate
trends via the snow-albedo feedback (Chen et al, 2014a)). Last, and most importantly, the accurate
representation of storm tracks and synoptic-scale processes that alter them (e.g., teleconnections)
necessitates the use of a global climate model (GCM), as teleconnections account for 20-45% of

annual precipitation variability in the WUS (Dettinger et al, |[1998).

Due to computational constraints, even today’s most cutting-edge GCMs rarely push to resolutions
finer than 28 km. This results in an inaccurate representation of local topographic features that then
have a pronounced impact on the mountain hydroclimatology and produce data with less utility for
resource-managers (Leung et al, 2013)). To date, WUS hydroclimate research has benefited from
a myriad of studies, but uncertainties related to atmosphere-orography interactions remain signif-
icant. This is due, in large part, because of the computational burden of running a fully-coupled
Earth system model at resolutions necessary to properly characterize the regional orography. To
address this problem, downscaling techniques have been developed, such as dynamical downscaling
with regional climate models (RCMs) (Giorgi et al, 2009; Mearns et al, 2012), statistical downscal-
ing (Gutzler and Robbins, [2011}; Pierce et al, [2013), and/or combinations of the two (Sun et al,
2016; |Li et al, 2016). These techniques are certainly more computationally efficient than uniform-
resolution GCMs, but other issues persist. Of particular relevance for the WUS, atmospheric river
frequency and character is poor at the coarse resolutions typical of GCMs, which in turn leads to
inadequate boundary conditions to the RCM. Further, upscaling effects such as the topographic
influence on atmospheric blocking cannot be captured by dynamically downscaled models. In-
consistencies between the forcing model and RCM, including physical parameterizations and the
underlying topography, can also drive unphysical noise in the resolved region. Some care must also

be taken when applying conventional statistical downscaling strategies, as these techniques assume
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stationarity and are typically unable to capture non-linear behaviors in mountainous regions (e.g.,

snow-albedo feedback).

With the advent of variable-resolution refinement capabilities in select climate modeling platforms,

such as variable-resolution in the Community Earth System Model (VR-CESM) (Zarzycki et al

2014b), [2015) and the Model for Prediction Across Scales (MPAS) (Skamarock et al, [2012; Rauscher|

, 2013)), climate modelers have gained the ability to glimpse into the future of extremely-high-

resolution global scale climate modeling for a fraction of the cost that it would conventionally take

to run a global climate model at equivalent resolution (Leung et al, 2013; [Sakaguchi et al, 2015).

Over the last five years, VR-CESM has gone from an experimental modeling platform to a proven

applied research tool for use in regional climate assessment (Rauscher et al, [2013; |Zarzycki et al,

2014b; Huang et al, 2016; Rhoades et al, 2016; Huang and Ullrich, 2016]), synoptic-scale weather

systems (Rauscher and Ringler| |2014), and tropical cyclones (Zarzycki et al, 2014a; Zarzycki and

\Jablonowski, [2014} |Zarzycki et al, 2014al 2015} 2016} Zarzycki, |2016), and most recently in regional

climate change assessments (Rhoades et al, [2017; Huang and Ullrich, [2017]).

The relative roles of model grid resolution and sub-grid-scale processes have been debated exten-

sively since the inception of climate models (Arakawa and Schubert| [1974; [Arakawal, 2004). To help

address this question, the research community has advocated to push climate models to the highest

resolution possible through the use of new exascale computing systems (Reed and Dongarral, 2015)),

focused research and development on sub-grid-scale process development (Randall et al, 2003),

and/or worked towards a combination of the aforementioned. This has resulted in a recent surge in

research and development in multi-scale modeling (Iorio et al, 2004; Tao et al, 2009; O'Brien et al,

2016), the implementation of scale aware physics (Fan et al, 2015; |Gross et al, 2016; |Gross et al,

2016)), and atmospheric model development that can span both hydrostatic and nonhydrostatic

scales (Park et al, [2014b; Heinzeller et al, |2016; Ferguson et al, 2016]).

To continue the development of VR-CESM, further establish its utility in modeling mountain hydro-

climatology, and to understand the relative role of model resolution and microphysics, specifically

the diagnostic Morrison and Gettelman| (2008) (MG1) scheme vs the prognostic |Gettelman et al

(2015) (MG2) scheme, we have performed an ensemble of short climatological simulations using
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VR-CESM. The results from this study focus on the hydroclimatology from model simulations at
28 km, 14 km, 7 km, and 3.5 km (the so-called grid-scale truncation scale). These simulations are
contrasted against the changes induced by the microphysics treatment of hydrometeors (diagnostic

versus prognostic microphysics) at 28 km and 14 km.

The remainder of the paper is organized as follows: Section 2 discusses the design of our study,
including the creation of the grids that target California’s mountainous regions and associated
topographic/surface datasets, along with the multitude of comparative datasets (observational and
reanalysis) used in this study to understand and assess VR-CESM'’s capability to model mountain
hydroclimatology in the Sierra Nevada are presented. Section 3 includes the results of the study,

followed by conclusions and discussion in section 4.

Experimental Design
CESM Overview

CESM is comprised of stand-alone atmospheric, land-surface, oceanic, sea-ice, and land-ice com-
ponents that can be fully coupled and/or data prescribed. Our VR-CESM six-member ensemble
utilized the scientifically validated version of CESM (1.2.2) and the newly developed MG2 mi-
crophysics enabled version (1.5.5) with full atmospheric-land coupling and prescribed sea ice and
sea surface temperatures, component set FAMIPC5 (Gates|, |1992; |[Neale et al, 2010} |Oleson et al,
2010). Six model permutations have been considered, where either the horizontal resolution or the
microphysics scheme were targeted. Horizontal resolution was 28km, 14km, 7km or 3.5km. The
microphysics used was either the MG1 or MG2 scheme. A detailed description of the VR-CESM
benefits and scalability in the Community Atmospheric Model version 5 (CAM5-SE) and Com-
munity Land Model version 4.0 (CLM4-SP) is given in Rhoades et al (2016) and Rhoades et al
(2017). Here we briefly discuss the use of VR-CESM beyond hydrostatic scales (>10 km), and the

difference between MG1 vs MG2 microphysics.

Currently, the use of VR-CESM beyond hydrostatic scales (~10 km) is not advised for applied
research. Being a hydrostatic model, VR-CESM uses the hydrostatic approximation to replace the

prognostic vertical velocity equation with a diagnostic equation. Consequently, terms controlling
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horizontal and vertical transport of vertical momentum are neglected, even though these terms are
needed for the representation of gravity waves, mountain lee waves, and mesoscale convective sys-
tems at scales below ~10 km. Whereas these features could not be reasonably ignored in numerical
weather prediction systems, the impact of the hydrostatic assumption on climatology is less clear,
and there remains a need for additional work on this topic. At increasingly fine resolutions, the
hydrostatic approximation has shown tendencies towards divergent growth in the vertical veloc-
ity compared with nonhydrostatic formulations with increasing refinement and convergence of the
aspect ratio (Weisman et al, [1997). Recent analyses by [Yang et al (2017) using both hydrostatic
and nonhydrostatic formulations of the Weather Research and Forecasting (WRF) model at 36km,
12km, and 4km showed statistically significant divergence in simulated total precipitation in the
tropics (20% of domain at 4km), largely due to latent heat release, however differences within
midlatitudes were largely diminished (3% of domain at 4km). Nonetheless, we emphasize that our
results at grid resolutions finer than 10 km (specifically CAL_VR7 and CAL_VR4) are purely meant
for exploratory research and are not advised for applied use. We further emphasize that in all cases
topographic smoothing has been applied in accordance with Zarzycki et al (2015)) to eliminate any

visual evidence of spurious model noise in the vertical pressure velocity.

MG1 and MG2 microphysics in CESM are almost identical in all aspects, except for their treat-
ment of precipitation (Gettelman et al, 2015). Both MG1 and MG2 use two moments (i.e., mass
and number mixing ratios) to determine hydrometeor size distributions which affords more de-
grees of freedom in determining things such as rain drop size and evaporation rates. However,
MGI1 uses diagnostic hydrometeors (i.e., simulated precipitation is inferred from a combination
of variables), whereas MG2 uses prognostic hydrometeors (i.e., hydrometeor concentration is “re-
membered” across timesteps) (Morrison and Gettelman| 2008; Gettelman et all 2015). To derive
precipitation amounts in MG2, mass and number mixing ratios are prognosed and transported
for both rainfall and snowfall. This has resulted in an order of magnitude higher accretion to
autoconversion ratio between MG1 vs MG2. A more realistic presence of mixed-phase clouds in
global CESM simulations, due solely to process rate changes. Both of which have shown resolution-

independence from 200 km to 25 km (Gettelman et al, |2015).
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VR-CESM Model Grid, Topographical Fields, and Surface Datasets

A set of four VR grids were generated for this study using SQuadGen (Ullrich, 2014), and both
employed in CAM5-SE and CLM4-SP (Figure ) These grids were developed by first refining
from a global base resolution of 111 km to 28 km over the WUS and eastern Pacific, to incorporate
atmospheric river source regions. Further VR refinement was then targeted over the California
mountainous regions down to resolutions of 28 km (CAL_VR28 MG1 and MG2), 14 km (CAL_VR14
MG1 and MG2), 7 km (CAL_VR7), and 3.5 km (CAL_VR4) using an outline of the Klamath and
Sierra Nevada mountainous regions from the EPA’s Ecoregion Level I11 classification system (dashed
dark blue outline in Figure ) Additionally, elevation thresholds and USGS hydrologic units were
used to generate the other Sierra Nevada windward and leeward regions to ensure that they track

the mountain ridgeline accurately.

The topographic datasets were derived from a 1 km resolution digital elevation product known
as the Global 30 Arc-Second Elevation (GTOPO30). Careful consideration was taken to ensure
that the smoothness of each of the grid topographies were sufficient to dampen potential high-
frequency model simulation error derived from the higher-order properties of the dynamical core
solvers. More information on the technical details of the topography smoothing operator can be
found in Zarzycki et all (2015). The resultant topographies are shown and differenced from the
original GTOPO30 dataset in Figure 26k. The topographic mean and variability is improved
at higher resolution, especially when compared to a conventional 111 km (1°) uniform-resolution
version of CESM (CESM_111). This is further apparent in Figure where the elevation classes
are significantly more realistic with increasing CAL_VR resolution compared to the GTOPO30

dataset, especially when compared to CESM_111.

High-resolution year 2000 surface datasets available in CLM4-SP were used for all simulations
(standard CLM4-SP utilizes 55 km surface datasets). This data provides 5 km to 9 km resolution
characterizations of plant functional types (PFTs), soils, lakes, wetlands, crops, and urban areas.
This is apparent in Figure (b-c), which depicts the percent change in forest cover between
CAL_VR28 and CAL_VR4 for the two major PFT tree species in California, Temperate Needleaf

Evergreen and Boreal Needleleaf Evergreen. For all simulations, surface characteristics are assumed
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to be static for the year 2000, a reasonable approximation for our near-term simulation period of

1999-2015.

Mountain Climate Comparative Datasets

The spatial and temporal resolutions for the CAL_VR six-member ensemble and the comparative
reanalysis and/or observational datasets used in this study are given in Table The comparative
datasets used in this study were chosen on their merit to characterize specific hydroclimate variables
of interest. Additionally, each of the datasets were standardized from 1999-12 to 2015-02 to climate
daily normal (i.e., each day across all years evaluated are averaged together), DJF average, and
DJF climate average using the netCDF Operators (NCO - |Zender (2008])) and the Climate Data
Operators (CDO - [Schulzweida et al (2007)). Although California’s winter season spans November
though March, DJF was used as it accounts for 50% of the annual total precipitation (California
Data Exchange Center (CDEC), laccessed 2017)) and minimizes errors associated with snow related
feedbacks in the beginning of the accumulation period and end of the ablation period (Raleigh
et al, 2013). These errors arise due to the ephemerality of snow at this time that may fail to be
captured by current monitoring techniques. The remainder of this section describes the principal

comparative datasets used in our study:

e The Parameter-elevation Relationships on Independent Slopes Model (PRISM) dataset uti-
lizes over 10,000 quality controlled observational station datasets along with a climate-elevation
regression for each DEM grid-cell to create a daily 4 km total precipitation and two-meter
surface temperature spatially continuous CONUS product (Daly et al, 2008). The observed
values are then updated for micro-climate variations in atmospheric vertical layer location,
coastal proximity, elevation, geographic location, orographic effectiveness, and topographic
orientation. The net result of this extensive quality assurance is a substantial improvement in
gridded daily climate variables compared to the alternative WorldClim and Daymet datasets,
especially in mountainous and coastal areas of the WUS (Daly et al, 2008). Further, the choice
to use the PRISM 4 km total precipitation and surface temperature products for comparison
to our six-member simulation ensemble was based on our confidence built from use in prior

studies which highlighted no statistical difference between several other major precipitation
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products (Huang et al, |2016)), the extensive micro-climate interpolation strategies utilized,
and the wide use within the mountain climate community. With that said, Henn et al (2016)
has shown that gridded precipitation products, such as PRISM, have shown a systemic un-
derestimation of total precipitation maxima due to interpolation at higher elevations when a

complete water balance is assessed via streamflow gauges and ET measurement constraints.

The Moderate Resolution Imaging Spectroradiometer (MODIS) satellite product (MOD10CM
V005) provides global monthly 5 km snow cover (Hall and Riggs, accessed 2016). The product
is quality-assured for cloud cover by using visible and short-wave near-IR spectral bands and
a snow mapping algorithm with a Normalized Difference Snow Index (NDSI). We have chosen
to use the MODIS 5 km snow cover product for comparison to our six-member simulation
ensemble based on its use in prior studies (Rhoades et al, [2016|) and its agreement to ground
based measurements at 93% accuracy for its various products at 28 km, 5 km, and 0.5
km resolution. A recognition that the efficacy of MODIS as a comparative dataset is also
dependent on the scale and mountain region assessed. This stems from the sensitivity to snow

ephemerality, forest cover, and terrain (Hall and Riggs, 2007).

The Global Historical Climatology Network (GHCN) provided by the National Oceanic
and Atmospheric Administration (NOAA) encompasses over 100,000 observational stations
around the globe recording daily observations of 40 meteorological variables (Menne, M.J.,
I. Durre, R.S. Vose, B.E. Gleason, and T.G. Houston, 2012). In the Sierra Nevada, 401
NOAA-GHCN meteorological stations measure total precipitation and snowfall and are lo-
cated between 35.65° to 39.67° latitude by -121.28° to -117.39° longitude. Of the 401 stations,
213 stations are located in the windward side of the Sierra Nevada and 106 stations have con-
tinuous measurements from 1999-2015, with an elevational coverage of 64m to 2826m. (Figure
26p). This dataset represents the most comprehensive in-situ station network for total precip-
itation and snowfall monitoring stations in the western US, a focal reason for its comparative

use in this study.

The Landsat-Era Sierra Nevada Snow Reanalysis (SNSR) dataset by [Margulis et al (2016a)
characterizes SWE for 20 watersheds within the California Sierra Nevada at 90 m resolution

from 1985 to 2015. The reanalysis estimates for SWE are derived from a Bayesian data as-
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similation technique that utilizes 30 m elevation estimates from the ASTER and the National
Land Cover Database, hourly 14 km meteorological inputs from the North American Land
and Data Assimilation Database phase 2 (NLDAS-2), and snow cover area and vegetation
cover fractions derived from the NASA Landsat 5, 7, and 8 satellite data. The dataset was
validated against 108 snow pillows and 202 snow course in-situ SWE measurements (not
incorporated into the assimilation technique) and found to correlate at 0.97 across all sites
(Margulis et al, 2016aljb). This dataset presents a high-quality SWE product that was sorely
lacking in previous VR-CESM studies (Rhoades et al, |2016).

Results

Figure presents the simulated DJF climate average differences for total precipitation, snow
cover, SWE and surface temperature associated with solely changing horizontal grid resolution to
28 km, 14 km, 7 km and 3.5 km. Overall, CAL_VR MGI1 simulated more total precipitation, snow
cover, and SWE, but colder surface temperature during the winter season (Table . The average
simulated bias of total precipitation, snow cover and SWE were between 4+0.8 mm/day to +1.1
mm/day, -0.5% to 11% and -27 mm to 26 mm, respectively, within the California Mountain Re-
gion. Generally, on the leeward side of the Sierra Nevada, total precipitation and SWE showed a
small negative bias and less snow cover overall (Figure . The Sierra Nevada total precipitation
windward /leeward ratios were 3x larger than the PRISM dataset, with nearly a 1.5x overestimation
on the windward side and 50% underestimation on the leeward side (Table . The biases asso-
ciated with the windward/leeward ratios highlight that CAL_VR MGI1 simulations had significant
issues with properly distributing total precipitation, snow cover and SWE in the Sierra Nevada.
To measure the spatial similarities from season-to-season between the comparative datasets and
the CAL_VR simulations within the California Mountain Region, Pearson pattern correlation co-
efficients were computed. The Pearson pattern coefficients are a measure of the linear correlation
between simulated and observed where a sum of squares is computed for a common variable for each
dataset and related to the co-variability of that variable between both datasets. For each CAL_VR
simulation, 16 DJF Pearson pattern coefficients were computed for the 1999-2015 study period.

The minimum, average, and maximum DJF Pearson pattern correlation for each CAL_VR simula-
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tion is shown in Table [I3] The average DJF Pearson pattern correlations for the CAL_-VR MG1
ensemble ranged from 0.5 to 0.7 for total precipitation, snow cover and SWE, with no significant
difference found with changes to horizontal grid refinement. Comparatively, surface temperature
simulations had Pearson pattern correlations >0.9. However, the surface temperature simulations
also exhibited a clear systematic cold bias with CAL_VR28 MG1 at -2.4 K and CAL_VR4 MG1
at -3.7 K (Table . The surface temperature cold bias was especially pronounced in the moun-
tainous regions throughout all resolutions. Several hypotheses as to why this might have occurred
are discussed in the conclusions. Thus, solely refining horizontal resolution to more realistically
represent topography and land cover in VR-CESM did not alleviate systematic model issues such
as the windward /leeward total precipitation ratios and surface temperature cold biases, but merely

localized the biases.

Figure [29] highlights the DJF climate average differences for total precipitation, snow cover, SWE
and surface temperature between the MG1 (diagnostic treatment of hydrometeors) and MG2 (prog-
nostic treatment of hydrometeors) microphysics schemes implemented in CAM at horizontal grid
refinements of 28 km and 14 km. The CAL_VR14 MG2 simulation most closely represented the
comparative dataset values for total precipitation, snow cover, and SWE results by significantly al-
leviating the DJF seasonal mean total precipitation bias to within +0.1 mm/day (+2%) of PRISM,
+5.5% of MODIS, and -3.5 mm (-4.6%) of SNSR throughout the California Mountain Region.
Additionally, the total precipitation, snow cover and SWE windward/leeward ratios in the Sierra
Nevada in CAL_-VR14 MG2 (CAL_VR28 MG2) were much improved with values of 3.0 (2.6), 1.1
(0.9), and 2.0 (1.3) when compared with the PRISM (2.9), MODIS (1.2), and SNSR (2.2) datasets.
This is especially apparent when compared with the overestimation of the windward/leeward ratios
within the CAL_VR MG1 simulations which ranged between 7.8 to 9.7 for total precipitation, 2.3
to 2.8 for snow cover, and 6.2 to 12 for SWE (Table . Correspondingly, CAL_VR MG1 precip-
itation was far too localized on the windward side of the Sierra Nevada, whereas CAL_VR MG2
more realistically distributed total precipitation, snow cover, and SWE on the windward/leeward
of the Sierra Nevada. This result is attributed to both the resolution dependence of topography
and the recent advances by Gettelman et al (2015) to prognose hydrometeor mass and number

mixing ratios. The topographic representation drives the overall atmosphere-land interaction to
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create precipitation. The prognostic hydrometeor representation in MG2 alters the process rates,
increases the presence of mixed phase clouds, and advects total precipitation in complex terrain
in a more realistic manner. In the CAL_VR MG2 simulations, the mean DJF seasonal Pearson
pattern correlations across all of the hydroclimate variables more closely matched the comparative
datasets by 4+0.12 when compared with the CAL_VR MGI1 simulations, except surface tempera-
ture in which the spatial correlations in both CAL_-VR MG1 and CAL_VR MG?2 results were above
0.90. Thus, an increase in horizontal refinement coupled with the new prognostic treatment of hy-
drometeors in the sub-grid-scale microphysics provided a vastly improved approximation for total
precipitation, snow cover, and SWE at DJF climatological and DJF seasonal temporal evaluations,
especially in proper windward/leeward distributions. This breakthrough provides clear benefit to
water managers and hydrological modelers alike who care about future climate model projections
of the magnitude, phase, and location of precipitation deposition for assessments of water avail-
ability in mountainous regions. Of interest to future model development, systematic cold bias in
surface temperature and snow cover was persistent throughout all four of the model resolutions
and the two sub-grid-scale microphysics schemes. This may highlight some of the pending model
process uncertainties associated with lapse rates in mountainous environments, in-cloud ice phase

processes, and/or observational uncertainties.

Model efficacy in distributing total precipitation and capturing the daily climate cycles of surface
temperature and SWE over the entire California Mountain Region and within the windward and
leeward sides of the Sierra Nevada over an average water year is represented in Figure Each of
the plotted lines indicate a difference of a given CAL_VR simulation from that of the comparative
dataset used for total precipitation, SWE, and surface temperature highlighted in Table Blue
lines highlight the ensemble of CAL_VR simulations which solely increased horizontal resolution
and red lines indicate the set of ensemble members with changes in microphysics scheme. The
vertical black line delineates the accumulation period and the melt period at the historical peak ac-
cumulation date of April 1st. For surface temperature, a 30-day running average filter was applied
to clarify individual model performance. The effects of solely refining horizontal resolution from 28
km to 3.5 km leads to accumulated total precipitation that is positively biased and dominated by

windward (leeward) depositions that are too wet (too dry). Interestingly, the effects of increasing
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model resolution coupled with the change in microphysics from diagnostic to prognostic treatment
of cloud hydrometeors remediates much of the aforementioned biases. This is seen when looking
at the CAL_VR14 MG2 results which produces the smallest average (range) of bias in accumu-
lated total precipitation in the California Mountain Region of +48 mm (+120 mm), especially on
the windward side of the Sierra Nevada. The divergence in how total precipitation was dispersed
influence how the mountain snowpack accumulation and melt periods were simulated. For exam-
ple, the California Mountain Region and windward side of the Sierra Nevada in CAL_VR MG1
and CAL_VR MG2 (save for the CAL_VR28 MG1 simulation) generally behaved in converse to
one another. The CAL_VR MG1 (CAL_VR MG2) simulations were positively (negatively) biased
during the accumulation and melt cycle in the California Mountain Region and windward side
of the Sierra Nevada. Akin to the total precipitation results, modeled SWE in CAL_VR MG2
most closely tracked the SNSR winter mountain snowpack accumulation cycle, especially when
the aggregate of all assessed mountain regions were accounted for. Interestingly, divergence away
from SNSR was exhibited near the historical peak accumulation month (March to April) which
may be an indication that melting factors that shape the simulated snowpack may be too strong
and inhibit proper persistence into the spring season. Notably, the persistent cold bias in surface
temperature was unaffected by increasing horizontal resolution and/or modifying the microphysics
scheme. The ensemble average surface temperature bias for the CAL_VR simulations within the
California Mountain Region was -2.2 K with a range of 7.7 K . A clear systemic cold bias persists
throughout much of the fall, winter and spring seasons with a general increase in bias with finer

horizontal resolution, likely a result of resolving more elevation classes.

As important as the model efficacy in properly representing the average spatial patterns and the
proper distribution of mountain windward and leeward hydroclimatology is the ability to character-
ize the elevational profiles of precipitation variables. Figure[31]highlights the ability of the CAL_VR
ensemble to represent the DJF climate average 500m elevational profiles shown in the comparative
datasets based on changing horizontal resolution (blue) and/or microphysics (red). Vertical black
lines indicate the DJF seasonal spread (i.e., standard error) for the comparative dataset used at each
500m elevation interval. Overall, solely refining horizontal resolution did not offer any advantage to

modeled elevational profiles with a general wet (dry) bias in windward (leeward) total precipitation,
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and an increased surface temperature cold bias with increasing elevation. The windward wet bias
in the CAL_VR MGI1 results are likely indicative of the microphysics sensitivity to orography with
an absolute ensemble bias of 2.7 mm/day per 500m compared with the CAL_VR MG2 absolute
ensemble bias of 1.3 mm/day per 500m. Similar to the trends highlighted before, a combination
of increasing horizontal resolution and modifying the microphysics scheme (e.g., CAL_VR14 MG2)
represented the most favorable results with the smallest windward total precipitation absolute bias
of 0.6 mm/day per 500m. Although total precipitation bias trends were ameliorated by the com-
bination of refinement of horizontal resolution and changes in the sub-grid-scale microphysics, the
persistent cold bias found throughout all six members of the CAL_VR ensemble generally worsens
with increasing elevation. From Om to 500m, the average cold bias in the California Mountain
Region (windward side of the Sierra Nevada) was -1.8 K (-1.5 K) and at the maximum shared
elevation of 2500m to 3000m the average cold bias increased to -5.1 K (-5.4 K), with an average
increment of bias of -0.7 K (-0.8 K) per 500m elevation gained. It should be noted that this could
also be partially attributed to the interpolation method used by PRISM at the ridgeline of the
mountains where in-situ station data is more scarce (Henn et al, 2016|). For snow cover, solely
refining grid resolution within the CAL_VR MG1 ensemble provided no added value to the proper
representation of the trends with elevation in the California Mountain Region, windward side of
the Sierra Nevada, and/or the leeward side of the Sierra Nevada when compared to MODIS. The
CAL_VR MG1 absolute ensemble average bias for snow cover was 10% (12%) for the windward
(leeward) side of the Sierra Nevada. The updated sub-grid-scale microphysics in the CAL_VR MG2
ensemble appears to ameliorate 4% of the bias on both the windward and leeward side of the Sierra
Nevada, however across both CAL_VR MG1 and CAL_VR MG2 a pervasive issue with low eleva-
tions (1000m to 1500m) is present, a region where snowpack is most ephemeral and the snowline
is most variable. Last, SWE elevation trends indicate further benefits to the use of the CAL_VR
MG2 model setup. The absolute average SWE bias across all 500m elevation trends in CAL_VR
MG1 was 57 mm with a minimum (maximum) bias of -176 mm (14 mm), whereas CAL_-VR MG2
results had an absolute average SWE bias of 15 mm and a minimum (maximum) of -50 mm (7
mm). Generally, CAL_VR MG1 has a predictable positive (negative) SWE bias on the windward
(leeward) side of the Sierra Nevada, comparable to the total precipitation results. CAL_-VR MG2

tracks similar trends as shown in total precipitation with minimum SWE bias across all of the 500m
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elevation classes and the windward and leeward sides of the Sierra Nevada. Thus, although surface
temperature had a clear cold bias which worsened at higher elevations, the orographic total precip-
itation and proper distributions of windward/leeward distributions of SWE highlight the benefits
of the updated CAL_VR MG2 simulations.

The model efficacy in generating snowfall with elevation gain in mountainous areas is evaluated in
the windward side of the Sierra Nevada over the 1999-2015 period. Figure presents the DJF
snowfall /total precipitation (i.e., snowfall efficiency) ratios with 500m elevation intervals for the
CAL_VR ensemble members and the NOAA-GHCN in-situ dataset. Intuitively, snowfall is rarely
observed under 500m elevation, but the ratio of snowfall /total precipitation increases with elevation
gain with snowfall efficiency values over 0.5 at elevations higher than 2000m. Generally, CAL_VR
MG1 generates slightly more snowfall than CAL_VR MG2, and the snowfall/total precipitation
ratios do not show significant difference and trend with refinement in horizontal resolution. Com-
paring the snowfall efficiencies between the CAL_VR MG1 (CAL_VR MG2) ensemble against the
NOAA-GHCN dataset highlights that CAL_VR generally overestimates snowfall in low-elevation
regions with a +92% (464%) bias within the 500m-1000m elevation interval, but underestimates
snowfall by -21% (-31%) in the 1500m-2000m elevation intervals. The snowfall efficiency anal-
ysis is hindered by the fact that station data on the windward side of the Sierra Nevada (106
total) becomes more scarce with elevation with 73 stations between Om-1000m, 23 stations between

1000m-2000m, and 7 stations between 2000m-3000m.

Conclusions

The overarching goal of this paper was to utilize a recently developed regional downscaling tech-
nique (VR-CESM) to assess the relative importance of horizontal resolution and sub-grid-scale
microphysics in determining modeled hydroclimate trends within complex terrain over a near-term
historical time-frame of 1999-2015. Additionally, the best available comparative datasets for total
precipitation (PRISM), snow cover (MODIS), SWE (SNSR), and surface temperature (PRISM)

were compiled and utilized for the model evaluation over orography in California.

Through this analysis the following conclusions were made:
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(1)

Simply increasing model horizontal resolution to more realistically capture land surface het-
erogeneity (terrain and land-cover), while maintaining a diagnostic microphysics parame-
terization, did not improve modeled mountain hydroclimate statistics. This result follows
CAL_VR MGTI simulations of over precipitation on the windward side of the Sierra Nevada
(+1 mm/day) that led to excessively high average windward/leeward ratios in total precipi-
tation of 8.8 (3x greater), snow cover of 2.7 (2x greater), and SWE of 11 (5x greater) for the
CAL_VR MGI1 ensemble when compared to the windward/leeward ratios for PRISM (2.9),
for MODIS (1.2), and for SNSR (2.2). Last, seasonal DJF Pearson pattern correlations were
constrained between 0.5 to 0.7 across total precipitation, snow cover, and SWE, with snow
cover the most highly correlated and total precipitation the lowest. Average DJF seasonal
correlations for surface temperature were highest across all simulations at 0.9 , but it is cau-
tioned that a general cold bias between -2.4 K to -3.7 K for the DJF climate average was

found throughout all CAL_VR simulations.

The development of a new prognostic microphysics scheme by |Gettelman et al (2015) in
CAM coupled with more realistic representations of orography were key in more properly
representing the DJF climate and seasonal averages of total precipitation, snow cover, and
SWE throughout the California Mountain Region. The CAL_VR MG2 simulations most
closely represented the comparative datasets used for total precipitation, snow cover, and
SWE results by alleviating the DJF seasonal mean bias to within +2% of PRISM, +6% of
MODIS, and -5% of SNSR. total precipitation, snow cover and SWE windward /leeward dis-
tributions in the Sierra Nevada in CAL_VR14 MG2 (CAL_VR28 MG2) were much improved
at 3.0 (2.6), 1.1 (0.9), and 2.0 (1.3) when compared with the PRISM (2.9), MODIS (1.2), and
SNSR (2.2) datasets. Further, the DJF seasonal Pearson pattern correlations for CAL_VR
MG?2 simulations across all of the hydroclimate variables more closely matched the compara-
tive datasets by +0.12 when compared with the CAL_VR MGI1 ensemble. Although a positive
total precipitation bias was shown across most of the CAL_VR ensemble, this could also be

partially attributed to interpolation uncertainties in PRISM.

Further benefits in using the prognostic MG2 microphysics scheme were shown within the

daily climate average life cycles of CAL_VR MG1 and CAL_VR MG2. The least average
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(range) of bias in accumulated total precipitation was found for CAL_-VR MG2 in the Cali-
fornia Mountain Region at +48 mm (+120 mm), especially on the windward side of the Sierra
Nevada. Similarly, the SWE accumulation cycle closely matched SNSR until the historical
peak accumulation months of March to April, after which SWE steadily became low biased.
Although comparative dataset uncertainty may be partially implicated, this may also be an
indication that spring dependent melting factors such as temperature thresholds, water va-
por concentrations, and/or radiational effects in VR-CESM may influence the simulation in
spring months too strongly, which in turn inhibits SWE persistence. Throughout all CAL_VR
simulations a systemic cold bias is evident with an ensemble average (range) of bias of -2.2 K
(7.7 K) which persists throughout much of the fall and winter seasons and generally becomes
worse with refinement of model horizontal resolution (probably due to more elevation classes

being resolved).

Solely refining horizontal resolution did not result in more realistic elevational profiles, but
rather highlighted the MG1 sensitivity to orographic uplift with a general wet (dry) bias in
windward (leeward) total precipitation. The CAL_VR MG1 absolute ensemble bias of 2.7
mm/day per 500m compared with the CAL_VR MG2 absolute ensemble bias of 1.3 mm/day
per 500m highlights the partial alleviation of this orographic sensitivity. CAL_VR14 MG2
represented the most favorable results for Sierra Nevada windward total precipitation, snow
cover, and SWE with an absolute average bias (% bias reduction from CAL_VR MG1) of 0.6
mm/day per 500m (54% bias reduction), 6.4% per 500m (36% bias reduction) and 17 mm
per 500m (70% bias reduction), respectively. A worsening surface temperature cold bias with
increasing elevation was persistent throughout all CAL_VR simulations. An average increment
of bias of -0.7 (-0.8) K per 500m elevation gained was found in the California Mountain Region
(windward side of the Sierra Nevada). Further, minimal surface temperature bias was found
at lower elevations, -1.8 K (-1.5) K, and maximized at the highest shared elevation of 2500m-
3000m, -5.1 K (-5.4) K, for the California Mountain Region (windward side of the Sierra
Nevada). Thus, although surface temperature had a clear cold bias which worsens at higher
elevations, the orographic total precipitation and proper distributions of windward/leeward

distributions of snow cover and SWE highlight the benefits of the updated CAL_-VR MG2
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simulations.

Snowfall efficiency (snowfall/total precipitation) was higher in CAL_.VR MG1 vs CAL_.VR
MG2, however refinement of horizontal resolution and a more realistic topography represen-
tation did not significantly alter snowfall efficiency. When compared with the NOAA-GHCN
in-situ measurements, the CAL_VR MG1 (CAL_VR MG?2) ensemble generally overestimates
snowfall efficiency in low-elevation regions with a +92% (464%) bias from 500m to 1000m
and underestimates snowfall efficiency by -21% (-31%) from 1500m to 2000m. Unfortunately,
the snowfall efficiency analysis is hampered by the scarce station densities over the study time

frame.

Overall, the CAL_VR ensemble identified that a systemic cold bias is apparent in mountainous

environments. This cold bias worsens with elevation and is indicative that the amalgamation

of processes that drive lapse rates in VR-CESM may not be sufficiently represented yet (e.g.,

turbulence scheme, snow-albedo feedback, cloud cover, and/or specific humidity profiles). This is

an understandable bias in global scale models as they have not been developed at the resolutions

that are accessible by the VR technique (i.e., <28 km). We present several hypotheses as to why

the VR-CESM model may misrepresent key hydroclimate processes, and suggest these are viable

targets for future development via the VR-CESM framework:

(1)

The boundary layer turbulence scheme may be overly stable in the presence of snowpack,
thus creating a cold-biased boundary layer that in turn affects the surface temperature (likely

worsened with an increase in elevation).

The snow-albedo feedback may not be sufficiently characterized in CLM due to several key
parameterization choices. For example, snow cover in CLM is described by a hyperbolic
tangent function. This function incorporates a tuning for global scale radiative balance via its
m parameter, which modulates the rate of change of the snow cover s-curve behavior (bounded
between 0% and 100% snow cover). This m parameter modulates the rate of change between
0% and 100% snow cover and may not apply to the characteristics of an individual mountain

range having unique micro-climate (e.g., proximity to ocean, water-vapor concentrations,
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and forest cover) and physical factors (ie.g., latitude, orientation, slope, and peak-to-valley

variability) that may influence its snow cover tendencies.

(3) The cold bias with elevation could in turn low bias specific humidity concentrations at higher
elevations and in turn amplify the rate of change of surface lapse rates. This would then
impact the lifecycle of the bulk snow density of newly fallen snow which is solely a function
of three temperature thresholds (Tatm > 42 °C ; +2 °C > Tatm > -15 °C ; Tatm < -15 °C).
Further, condensational heating affects are not directly accounted for in how CLM4 models

snowpack lifecycles which prevents important energy fluxes in to/out of the snowpack.

(4) Cloud cover percentage in mountainous regions may be biased, leading to issues with long-
wave radiation feedbacks which are important for mountain snowpack, a virtual blackbody
in the longwave spectrum. Since snowfall efficiency per 500m elevation gain were found to be
insensitive to topographic resolution, this is potentially a source of error for SWE lifecycles

(leading to a low bias)

(5) Structural decisions made in the development of CLM have artificially capped SWE totals to
1000 mm. These types of decisions need to be identified and tested via sensitivity analysis at

the regional scales that VR-CESM can now reach.

In this study, VR modeling has been demonstrated as a valuable approach for assessing global
climate model sensitivities at sufficient resolutions to realistically represent orography at reduced
computational cost. This study highlights the benefit of using the VR-CESM downscaling method
to garner a glimpse of the future of extremely-high resolution global modeling, assess its ability
to represent key hydroclimate processes in complex terrain, and, finally, pinpoint future model
development needs. Further work is needed with VR-CESM to understand and isolate potential
issues in the aforementioned processes and address the systemic biases found in this study. Addi-
tionally, the authors will explore the potential benefits of using a nonhydrostatic dynamical core
(WRF) coupled with outputs from the hydrostatic VR-CESM simulations produced here to assess

any added value in the representation of mountain hydroclimate processes.
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Tables

Table 11: California mountain region hydroclimate datasets.

Climate Dataset Hydroclimate Variable Spatial Resolution Temporal Resolution Analysis Time — Series
VR-CESM
CAL_VR28 - MG1 total precipitation, snowfall, snow cover, SWE, surface temperature 28 km Daily 1999-2015
CAL_VR28 - MG2 total precipitation, snowfall, snow cover, SWE, surface temperature 28 km Daily 1999-2015
CAL_VR14 - MG1 total precipitation, snowfall, snow cover, SWE, surface temperature 14 km Daily 1999-2015
CAL_VR14 - MG2 total precipitation, snowfall, snow cover, SWE, surface temperature 14 km Daily 1999-2015
CAL_VR7 - MG1 total precipitation, snowfall, snow cover, SWE, surface temperature 7 km Daily 1999-2015
CAL_VR4 - MG1 total precipitation, snowfall, snow cover, SWE, surface temperature 3.5 km Daily 1999-2015
Reference Datasets
SNSR SWE 90 m Daily 1999-2015
MODIS SNOW cover 5 km Monthly 2000-2015
NOAA GHCN total precipitation, snowfall 401 stations Daily 1999-2015
PRISM total precipitation, surface temperature 4 km Daily 1999-2015
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Table 12: Summary statistics for winter season (DJF) hydroclimate variables by the VR-CESM
and comparative datasets within the California Mountain Region.

Climate Standard Lower Upper  Interquartile
Dataset Mean Deviation Min Quartile Median Quartile Range Mazx
Total Precipitation (mm/day)
CAL_VR28 MG1  6.95 2.82 1.72 4.40 7.63 8.38 3.98 12.5
CAL_VR28 MG2 7.81 3.50 3.70 4.81 6.81 9.77 4.97 14.7
CAL_VR14 MG1 7.01 1.65 4.21 5.76 6.76 7.88 2.12 9.88
CAL_VR14 MG2 6.20 2.80 3.47 3.47 4.78 8.35 4.88 12.1
CAL_VRT7 7.15 3.33 2.68 3.88 6.04 9.22 5.34 12.8
CAL_VR4 6.92 2.81 2.62 4.83 6.55 8.03 3.21 12.8
PRISM 6.07 1.83 3.04 4.97 6.00 7.08 2.11 9.8
Snow Water Equivalent (mm)
CAL_VR28 MG1  57.0 45.6 10.3 26.8 36.3 72.2 45.4 166
CAL_VR28 MG2  62.4 27.5 19.5 35.5 61.6 73.2 37.7 115
CAL_VR14 MG1 111 70.3 28.1 49.2 103 136 87.1 279
CAL_VR14 MG2  80.9 80.0 13.6 25.6 38.4 109 83.4 242
CAL_VR7 MG1 109 72.5 16.0 48.8 88.1 191 142 216
CAL_VR4 MG1 104 59.8 18.6 51.3 99.4 136 84.2 224
SNSR 84.4 41.5 20.0 41.1 86.7 109 68.2 152
Snow Cover (%)
CAL_VR28 MG1  40.3 15.3 13.2 28.5 38.9 47.2 18.8 75.1
CAL_VR28 MG2  44.2 7.80 274 40.5 42.9 49.2 8.7 58.6
CAL_VR14 MG1  52.2 114 31.5 44.8 53.6 58.6 13.8 72.9
CAL_VR14 MG2  46.3 18.7 21.6 32.6 41.7 53.2 20.6 82.1
CAL_VR7 50.2 13.9 28.3 40.4 494 60.7 20.3 70.2
CAL_VR4 50.3 12.4 23.3 41.6 49.5 59.3 17.7 70.6
MODIS 40.8 13.0 14.7 25.2 44.0 47.9 22.7 56.4
Two-Meter Surface Temperature (K)
CAL VR28 MG1 274 1.39 271 273 274 275 1.54 277
CAL_VR28 MG2 274 1.01 272 273 274 275 1.61 276
CAL_VR14 MG1 273 0.89 272 273 273 274 1.30 275
CAL_VR14 MG2 274 1.66 270 273 274 274 1.61 276
CAL_VR7 MG1 273 1.26 271 272 273 274 1.34 276
CAL_VR4 MG1 273 1.36 269 272 273 274 2.04 274
PRISM 276 1.07 274.6 276 276 277 1.07 279

104



Table 13: Summary statistics for the difference of winter season (DJF) hydroclimate variables
between VR-CESM and the comparative datasets within the California Mountain Region.

Climate Interquartile Windward/Leeward
Dataset Mean Range Minimum Mean Mazimum Ratio
Total Precipitation (mm/day)
Dif ference Pearson — Pattern Correlation
CAL_VR28 - MG1  0.88 1.87 0.26 0.65 0.82 7.78
CAL_VR28 - MG2 1.74 2.85 0.40 0.67 0.85 2.58
CAL_VR14 - MG1  0.94 0.01 0.58 0.69 0.77 9.60
CAL_VR14 - MG2 0.13 2.77 0.60 0.77 0.88 2.98
CAL_VRT - MG1 1.08 3.23 0.13 0.61 0.77 9.22
CAL_VR4 - MG1  0.84 1.10 0.25 0.60 0.74 8.57
PRISM 0.00 0.00 1.00 1.00 1.00 2.92
Snow Water Equivalent (mm)
CAL_VR28 - MG1 -27.4 43.3 0.34 0.51 0.66 6.24
CAL_VR28 - MG2 -22.0 -30.5 0.38 0.65 0.81 1.27
CAL_VR14 - MG1  26.3 18.9 0.28 0.50 0.63 12.31
CAL_VR14 - MG2 -3.53 15.2 0.57 0.69 0.84 1.96
CAL_VRT7 - MG1  24.2 73.5 0.39 0.55 0.68 12.35
CAL_VR4 - MG1 19.2 16.0 0.31 0.53 0.67 11.80
SNSR 0.00 0.00 1.00 1.00 1.00 2.18
Snow Cover (%)
CAL_VR28 - MG1  -0.52 -3.90 0.54 0.63 0.72 2.34
CAL_VR28 - MG2  3.40 -13.9 0.60 0.78 0.86 0.92
CAL_VR14 - MG1 114 -8.83 0.48 0.66 0.76 2.84
CAL_VR14 - MG2  5.50 -2.03 0.64 0.80 0.90 1.12
CAL_VRT - MG1 9.38 -2.38 0.52 0.68 0.75 2.66
CAL_VR4 - MG1 9.52 -4.92 0.55 0.69 0.80 2.84
MODIS 0.00 0.00 1.00 1.00 1.00 1.18
Two-Meter Surface Temperature (K)
CAL_VR28 - MG1 -2.31 0.47 0.86 0.89 0.92
CAL_VR28 - MG2 -2.28 0.55 0.89 0.90 0.92
CAL_VR14 - MG1  -3.32 0.24 0.89 0.92 0.94
CAL_VR14 - MG2 -2.89 0.55 0.88 0.93 0.95
CAL_VRT7 - MG1  -3.57 0.27 0.91 0.94 0.96
CAL_VR4 - MG1  -3.68 0.98 0.90 0.95 0.97
PRISM 0.00 0.00 1.00 1.00 1.00
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Figure 26: The VR-CESM grids used for this study utilized a quasi-uniform 111 km (1.00°) base-
resolution cubed-sphere grid. In a), VR refinement is shown via the convex polygons with the
highest grid resolutions focused over California’s mountainous regions at 28 km (0.25°), 14 km
(0.125°), 7 km (0.0625°) and 3.5 km (0.03125°). The three analysis regions for this study are de-
picted in b), with the California mountain region (focus of VR refinement) highlighted in dark blue
and via a dashed dark blue line when overlapping with the other regions. Last, c¢) highlights the
topographical difference between the USGS GTOPO 30 arc-second topography dataset over Cali-
fornia, with a conventional 111 km (1.00°) global climate model topography shown for juxtaposition
(CESM_111).
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Figure 27: Surface characteristics in CAL_VR with (a) representing the difference in model surface
topography over the California Mountainous Region compared to a DEM product (GTOPO30)
and (b-c) showing differences in forest cover distributions between CAL_VR28 and CAL_VR4 for
the two most abundant tree species in CLM4.0 within the static year 2000 three-minute surface
dataset.
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Figure 28: Effect of refined horizontal grid resolution in CAL_VR DJF spatial climate average
differences a) total precipitation (PRECT) against PRISM; b) snow cover (FSNO) against MODIS;
¢) Snow water equivalent (SWE) against SNSR; d) two-meter surface temperature (2mST) against
PRISM.
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Figure 29: Effect of diagnostic (MG1) vs prognostic (MG2) microphysics CAL_VR DJF spatial
climate average differences a) total precipitation (PRECT) against PRISM; b) snow cover (FSNO)
against MODIS; c¢) Snow water equivalent (SWE) against SNSR; d) two-meter surface temperature
(2mST) against PRISM.
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Figure 30: Water year daily climate average differences for the CAL_VR MG1 (blue) and CAL_VR
MG2 (red) ensemble members compared to PRISM for total precipitation (PRECT) and surface
temperature (2mST) and SNSR snow water equivalent (SWE) for the California Mountain Region
(left column), windward side of the Sierra Nevada (center column), and leeward side of the Sierra
Nevada (right column). A 30-day running average filter was applied to the 2mST fields for clarity.
The vertical black line delineates the accumulation period from the melt period at the historical
peak accumulation date of April 1st.
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Figure 31: DJF climate average 500m elevational profile differences for CAL_VR MG1 (blue) and
CAL_VR (red) ensemble members compared to PRISM for total precipitation (PRECT), surface
temperature (2mST), SNSR snow water equivalent (SWE), and MODIS snow cover (FSNO) for
the California Mountain Region (left column), windward side of the Sierra Nevada (center column),
and leeward side of the Sierra Nevada (right column). Vertical black lines indicate the DJF seasonal
spread in the comparative dataset at a given elevation interval.
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Figure 32: DJF climate average 500m snowfall (SNOWF) efficiences for the CAL_VR MG1 (blue)
and CAL_VR MG2 (red) ensemble members compared with the NOAA-GHCN in-situ stations
located on the windward side of the Sierra Nevada (black).
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Conclusions

This dissertation presented three separate studies which utilized a recently developed global climate
modeling technique, variable-resolution in the Community Earth System Model (VR-CESM), to
understand the major processes that shape mountain hydroclimatology of the western US. Prior
to this dissertation VR-CESM had only been utilized in idealized aquaplanet experiments and
to understand large-scale atmosphere phenomena associated with Atlantic hurricanes. This work
represents the next step in VR-CESM development with the implementation of realistic topography,

the exploration of atmosphere-land interactions, and the investigation of climate change.

Chapter 1 presented the first exploratory VR-CESM simulations conducted with a range of to-
pographic representations for the California Sierra Nevada. A gamut of model, observation, and
reanalysis datasets associated with Sierra Nevada snowpack were collected and juxtaposed to the
VR-CESM simulations. It was found that for around two times the computational cost of a stan-
dard Intergovernmental Panel on Climate Change global model, VR-CESM could provide vastly
better snowpack statistics and more usable regional climate data associated with water resources.
VR-CESM highlighted close agreement with comparative datasets at both seasonal and climato-
logical time scales with total snow water equivalent (snow cover) within 7 mm (7%) of the expected
value and interquartile ranges (i.e., interannual variability) well within expected ranges. Further,
seasonal Pearson pattern correlations were high (0.68) considering the simulations were only con-
strained by observed sea surface temperatures. Interestingly, topographic representation, rather
than a doubling of horizontal resolution, played more of a role in how well VR-CESM simulated
the historical snowpack trends. VR-CESM did showcase biases associated with an early peak ac-
cumulation timing (one to two weeks earlier) and a higher spring snowmelt rate (complete melt
30 days too soon) compared with observed values, although these biases were not any worse than
other downscaling strategies. Overall, VR-CESM was shown to be competitive with current re-
gional downscaling techniques in representing Sierra Nevada snowpack, warranting its use for future

analyses.

Chapter 2 utilized the best available VR-CESM case from Chapter 1, considering model cost and
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performance, to simulate a “business-as-usual” (RCP8.5) climate change scenario across the five
major mountain ranges of the western US. To contextualize VR-CESM’s climate change signal, the
three most widely used climate change datasets for the western US (i.e., CMIP5, BCSD-CMIP5,
and NARCCAP) were juxtaposed against VR-CESM over a common mid-century timeslice of 2040-
2065. It was found that snowpack tendencies in the global model simulations (CMIP5) are unusable
for climate change analysis and VR-CESM highlighted a more pessimistic decline in average winter
season snow water equivalent (-38%) compared with dynamical downscaling (-19%) and statistical
downscaling (-26%) techniques by mid-century. Further analysis focused on an expanded 2025-
2050 and 2075-2100 trend analysis to understand changes in winter season average, interannual
variability, precipitation phase, and elevational dependencies. Overall, it was found that by 2025-
2050 (2075-2100) winter season average snowfall would decline by 4% (30%), snow cover by 10%
(44%), snow water equivalent by 25% (69%), and surface temperatures would increase by 1.3 °C
(5.0 °C). By 2050, interannual variability highlighted a stark contrast to historical trends, with
anomalously high winter season snowfall, snow cover, and snow water equivalent non-existent and
anomalously high surface temperatures becoming the new normal. Total precipitation was found
to increase by 7% (20%) by 2025-2050 (2075-2100), however a 4% (24%) decline in snow-to-rain
ratios were also found. Surface temperatures showed a strong elevational dependency by 2025-2050
(2075-2100) of +0.97 °C (42.35 °C) from 500 m to 1000 m and +2.85 °C (+7.01 °C) to +3.81
°C (49.43 °C) from 1000 m to >3000 m. Overall, the nonlinear feedbacks that climate change
imposes on mountain hydroclimate processes highlights the significant burden that water managers
will face in the coming century to meet water demand. Adaptation strategies may need to deviate

from historically plausible protocols in order to ensure the resiliency of western US economies.

Chapter 3 systematically explored the effects of changing model horizontal resolution (28 km, 14 km,
7 km, and 3.5 km) and sub-grid-scale parameterizations (28 km and 14 km with prognostic vs diag-
nostic microphysics) in representing historical hydroclimate trends in the California Sierra Nevada.
It was found that increased refinement in model horizontal resolution to more accurately represent
surface heterogeneity did not result in a more realistic mountain hydroclimatology when compared
with observational and reanalysis datasets. In fact, bias tendencies were merely maintained and

localized across the four members of the VR-CESM ensemble. A breakthrough in VR-CESM per-
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formance was found when using a new prognostic microphysics parameterization coupled with an
increased refinement in model horizontal resolution. The advantages of this new physics parameter-
ization are attributed to its more realistic ”memory” of hydrometeor concentrations between grid
cells and insensitivity to orographic forcing on the windward region of mountains. This resulted in
a substantially closer approximation of historical DJF climate average total precipitation (within
2%), snow cover (within 6%), and snow water equivalent (within 5%) when compared to mountain
hydroclimate observational datasets. Additionally, the mountain windward/leeward distributions
of these variables were nearly identical for DJF climate average total precipitation (3 to 1 ratio),
snow cover (1 to 1 ratio), and snow water equivalent (2 to 1 ratio). Akin to Chapter 1, DJF seasonal
average Pearson pattern correlations were high for total precipitation (0.77), snow cover (0.80), and
snow water equivalent (0.69) when considering that the simulations were only constrained by ob-
served sea surface temperatures. Of interest for future model development, a systemic cold bias
in surface temperature was found across all six members of the VR-CESM ensemble and worsened
with refinement in model horizontal resolution. The worsening of the surface temperature bias is
likely due to lapse rate issues in mountainous environments within CESM. Potential culprits of
the surface temperature cold bias were associated with boundary layer turbulence, snow-albedo
feedback from the snow cover equation, elevation dependence of specific humidity concentrations,
and/or cloud cover radiation feedbacks. Overall, the use of VR-CESM with a new microphysics
scheme enhances its usability in properly representing the magnitude and distribution of precipi-
tation and the life cycles of mountain snowpack. These two processes are crucial for data usability
within the context of water resource management and dam operations, both of which are dependent

on regional accuracy.

This dissertation helped to answer several key questions regarding the usability of VR-CESM as a
global-to-regional hydroclimate tool, however there are many other questions yet to be answered.
Four such questions are presented, however this is not an exhaustive list. First, VR-CESM has
only been utilized in North America and should be explored in other midlatitude mountain regions
(e.g., the South American Andes) to ensure model performance is robust. Second, the snowpack
and surface temperature biases highlighted in Chapter 1 and 3 within VR-CESM need to be ex-

plored and constrained. A set of hypotheses were generated in Chapter 3 which suggest that a set of
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experiments using standalone CAM and/or CLM could be utilized to isolate parameter sensitivities
related to mountain lapse rates and/or snowpack. Particular focus should be applied at the regional
to mountain range scale where CESM has not been extensively developed. Third, the character
of precipitation in midlatitude regions has been elucidated in recent years and the effects of atmo-
spheric rivers are apparent. VR-CESM offers a unique testbed to evaluate its ability to properly
represent the counts, duration, intensity, and landfall locations of these crucial hydroclimate fea-
tures. Fourth, VR-CESM is constrained by the hydrostatic approximation made in its dynamical
core formulation. An evaluation of the effects of using a nonhydrostatic vs hydrostatic dynamical
core within midlatitude mountain ranges should be further explored to ensure that hydroclimate

variables are not adversely sensitive to this at scales below 10 km.

An ancillary benefit of this work was the formulation of a start-to-finish VR-CESM guide that
explains how to generate the necessary datasets, implement the datasets within the CESM root
directories, test the implemented datasets for numerical noise, and, finally, perform VR-CESM
simulations that are able to answer scientifically relevant research questions. Prior to this work,
there had not been a centralized document to expedite the learning curve of other users who wish

to use this model technique. This document is now available upon request.
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Appendix

Community Earth System Model (CESM)

a)

Figure 33: An example of a recently constructed VR-CESM grid over complex terrain in California.
The continuous refinement of the model grid resolution from left to right include a) 111km (1.00°)
to 28km (0.25°) over the western USA and b) 28km (0.25°) to 4km (0.03°) over the Sierra Nevada
and Klamath regions of northern California.

Variable-resolution capabilities are only available within a few modeling frameworks, one of which is

the Community Earth-System Model (CESM), co-developed by the Department of Energy and the

National Center for Atmospheric Research (Hurrell et al (2013)). CESM is a state-of-the-art Earth

system model consisting of atmospheric, oceanic, land and cryospheric components, with options
to include biogeochemical cycling, chemical tracer species, and whole-atmosphere simulations. The
Community Atmosphere Model (CAM, the atmospheric component of CESM) is further broken
into two components: the dynamical core (dycore) and the sub-grid-scale physics parameterization
suite, which incorporates processes that occur on scales less than the model grid scale (e.g., clouds
and land-surface processes). Generally, dycores can be thought of as numerical solvers for the
continuity, mass (tracer and dry air), momentum, and thermodynamic equations, and the equation
of state, (adiabatic processes) and sub-grid-scale parameterizations update the dycore solutions
to incorporate important processes such as localized heating from tracer forcings and latent heat
release (diabatic heating). The dycore utilizes different numerical discretization methods that aim
to balance computational burden with model accuracy. This adiabatic and diabatic solution is then

updated to be energetically conserved and physically consistent (i.e., no non-physical solutions such
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as negative mass) within each model grid column via fixers and filters. The result of all of this is
a projected time tendency of a model variable of interest (e.g., temperature). In CESM, CAM has
several dycores available for use including finite-volume, semi-Lagrangian, Eulerian and spectral
element (SE), with work underway for the inclusion of others in the near future. Of these four, only
one dycore has variable-resolution capability, namely CAM-SE. An example of a VR-CESM grid

generated to explore the mountain hydroclimatology of the California Sierra Nevada is highlighted

in Figure [33]

The SE dycore method has several important properties including parallel scalability, flexibility
and accuracy, that make it a desirable choice for modeling atmospheric dynamics. The SE dy-
core (Fournier et al (2004); Taylor and Fournier| (2010)) is now default in CAM and is therefore
a supported platform for scientific research. More recently, variable-resolution support has been
added to CESM’s CAM, the land-surface model (Community Land Model (CLM)), and within the
remapping tools used to generate initial and boundary conditions (e.g., topography, land-surface
cover, soil profile, sea-surface temperature and sea-ice datasets). Thus, the variable-resolution
CESM-SE framework (VR-CESM) now allows for coupled atmosphere-land-prescribed ocean cli-
mate simulations (i.e., CESM’s scientifically validated component set, F_ AMIP_CAMS5, used for

the Atmospheric Model Intercomparison Project (AMIP)).

A unique problem in variable-resolution models is how to best refine from a globally uniform-
resolution (e.g., 111km) to a regionally refined resolution (e.g., <28km). In order to accomplish
this feat, a unique model grid generator must be employed. Fortunately, effort has been made in
constructing said software. One example is the Spherical Quadrilateral Mesh Generator (SQuad-
Gen) software suite developed by Dr. Paul Ullrich (Ullrich, 2014). SQuadGen first employs a
cubed-sphere base mesh over the globe at a desired resolution (e.g., 111km) and then provides
smooth grid transition regions via quadrilateral shapes and spring-dynamics over user specified re-
gions of interest. Thus, grids generated using this technique have several advantageous properties
including greater uniformity in grid refinement regions and grid cells that more readily approach
90 degree angles (Guba et al, 2014). This transition region is generated as smoothly as possible

between one resolution and another via spring dynamics, but this process still creates irregularly
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shaped grid cells. These irregularly shaped grid cells complicate how to best solve the computed

dynamical core fluxes, both meridionally and zonally, which could impact the numerical stability

and kinetic energy spectrum (Dennis et al, 2012; |Guba et al, 2014} Zarzycki et al, 2015)).

To address this a fourth-order hyperviscosity diffusion operator is applied and implicitly scaled to
each grid box resolution. Higher (lower) values are used in larger (smaller) grid boxes to ensure
that proper dampening of coarser resolution fields occur without undermining resolved dynamics
in the finer resolution fields. Hyperviscosity is critical in dampening sub-grid-scale modes that

may act to generate numerical instabilities (e.g., sound waves), while ensuring that large-scale

modes, resolved at the grid-scale, are left relatively unimpacted (Guba et al, 2014)). To formulate

the appropriate hyperviscosity dampening, three techniques are currently available. These include

constant-coefficient, scalar, and tensor. Each of the techniques employ a matrix determinant solver

on the spectral element basis vectors in spherical coordinates (Guba et al, 2014). For variable-

resolution CESM, the tensor hyperviscosity technique is used which is dependent on the local
element horizontal length scales and, unlike the constant-coefficient technique, ensures that proper

resolution scaling occurs regardless of horizontal irregularities in grid box lengths (Guba et al
2014).

The adoption of variable-resolution within the global atmospheric modeling community is fairly

recent, although several major modeling centers are currently pushing this capability to opera-

tional global climate models (Skamarock et al, 2012} Harris and Lin| 2013; |Zarzycki et al, 2014a;

McCorquodale et al, [2014). Variable-resolution grid refinement has been demonstrated to be effec-

tive for operational modeling of tropical cyclones [Zarzycki et al (2014al); |Zarzycki and Jablonowski|

(2014); Zarzycki et al (2014a;, 2015)), large-scale weather systems Rauscher and Ringler| (2014) and

regional climate Rauscher et al (2013); |Zarzycki et all (2014b); [Rhoades et al| (2016)); Huang et al

(2016)).

Sub-Grid-Scale Parameterizations

In CESM, unresolved grid-scale processes (or sub-grid-scale parameterizations) enter the CAM

equation sets via four extension variables within the mass conservation equation, tracer transport
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equation (one for each species), horizontal momentum equation, and the thermodynamic equation.
Of note, the vertical momentum equation isn’t explicitly represented and prognosed in CAM as the
dynamical core was developed under the hydrostatic assumption (i.e., via scale analysis, the GCM
grid horizontal length scale is much larger than the vertical and consequently can be explicitly
ignored). Thus, the four extension variables include the drag parameter (F) for convection, tur-
bulence and gravity waves in the horizontal momentum equation; the diabatic heating parameter
(H) for radiation, convection, microphysics, turbulence, and gravity waves in the thermodynamic
equation; the tracer source-sink parameter (S) for phase changes (evaporation and condensation)
in water vapor in the mass tracer equation; and lastly, the mass fixer parameter (M) for air mass
water vapor content in the mass conservation equation (Neale et al,|[2010). In CAMS5, time-splitting
techniques are used to sequentially couple the sub-grid-scale parameterizations to the dynamical
core equation set solvers. This means that the dynamical equations are solved first and then the
sub-grid-scale parameterizations are solved, in this order: surface fluxes, boundary layer, shallow
convection, deep convection, macrophysics, microphysics (which are updated by aerosol distribu-
tions and the surface models) and lastly, radiation processes. When all are accounted for, 90% of
the computational workload in CESM is used in solving the radiation and dynamics equation sets

(Neale et al, 2010).

The effort of this technical report is to identify several of the crucial sub-grid-scale parameterizations
employed to understand modeled hydroclimatology in regions of complex terrain, with a particular
focus on VR-CESM. These topics will include: cloud processes (macro- and micro-scale), convection,

radiation, sub-grid-scale topography and drag, and land-surface processes (e.g., snow processes).

Cloud Processes and Precipitation

Cloud formation occurs via four main processes: convection, orographic uplift, frontal convergence
and convergence of air. As such, these main processes are also largely responsible for dictating where
precipitation will and will not occur. Additionally, the contents of the cloud can often dictate
radiative properties and if precipitation will occur. For example, clouds with large quantities
of ice have been associated with a higher likelihood to produce precipitation, especially intense

precipitation that is not drizzle (Morrison and Gettelman) 2008). Ice particles act as seeds for
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cloud droplet growth which abates part of the droplet size gap that must be overcome to lead
to precipitation. Unfortunately, cloud processes act at much more refined spatial scales than
current climate models can explicitly resolve and the non-linearities of internal cloud processes (i.e.,
formation, species distributions, and phase transitions) in varying amounts of cloud water amount
are non-negligible. Thus, sub-grid-scale cloud characterization in climate models is a source of
continual development. In Hurrell et al (2009), 12 of the 32 sources of largest uncertainty (i.e.,
root-mean squared error) in climate models were directly associated with cloud processes, with links
to several indirect feedbacks as well. With this in mind, climate researchers have devoted a large
amount of research time in how to best characterize various cloud properties at the sub-grid-scale
in a way in which to encapsulate the complexities associated with phase change, critical relative
humidity thresholds, horizontal extent, and vertical development and overlap. In VR-CESM these

critical parameterizations are dictated in large part by the CAM5 microphysics and macrophysics.

The microphysics sub-grid-scale parameterization in CAM5 was developed by [Morrison and Get-
telman (2008)). Microphysics is a broad term that describes how CAMb5 characterizes clouds con-
densed phase water processes such as the species’ (liquid and ice) size distributions, functional
shapes, and conversion rates. CAMS5 relies on the concept of ”bulk” schemes where cloud liquid
and ice size distributions are assumed to take a continuous functional form (Morrison and Get-
telman) 2008)). To enhance the usual GCM approach and leverage techniques that have shown
promise in cloud-resolving and regional scale models the Morrison and Gettelman| (2008) scheme
in CAM5 predicts two-moments of the distribution (i.e., cloud mixing ratio (q) and cloud num-
ber concentration (N)). By characterizing these two quantities, the volumetric size distributions
of liquid water and ice species (i.e., effective radius) develop in a more realistic way and interac-
tions between clouds and aerosols are more robust (Morrison and Gettelman, 2008). To determine
the time evolution of cloud mixing ratio and cloud number concentration (with liquid and ice
solved separately), grid scale quantities such as advection, detrainment, turbulence, and sub-grid-
scale microphysical processes including accretion (growth), nucleation (catalyzed growth), evapo-
ration/freezing/melting /sublimation (phase change), and autoconversion to rain/snow (deposition)
are computed (Morrison and Gettelman, [2008). As stated earlier, cloud water amount and vari-

ability plays a crucial role in dictating the evolution and lifetime of a given cloud. In GCMs, the
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grid cell is far too large to provide realistic variability over the spatial scales that clouds act on.
Thus, to provide appropriate spatial heterogeneity a probability density function (PDF) with a
gamma distribution is constructed and considered for cloud water, presently not for cloud ice due
to observational ambiguities (Neale et al, [2010). The gamma distribution approach in CAMb5 was
derived from optical depth observations of marine boundary layers clouds, providing some empirical
backing, and is assumed to be applicable to all modeled stratiform clouds. The efficacy of using this
distribution for non-boundary layer clouds is uncertain and clearly stated by the authors (Morrison

and Gettelman, [2008)).

Cloud water (cloud ice) conversion to rain (snow) in CAMSb5 are determined by the interplay between
all of the aforementioned processes. For cloud water to rain, direct autoconversion is dictated by
first solving for the gamma PDF for in-cloud water by calculating the relative variance and mean
in-cloud mixing ratio. Once the in-cloud water PDF is determined, the amount of water available
can now be used (and integrated over) to calculate how much would be available for conversion into
rain. Additionally, cloud fraction must be calculated to ensure that sub-grid variability in cloud /no-
cloud is maintained (this is determined by the macrophysics, described below). The product of the
cloud water integration (under the gamma PDF), cloud fraction, and the product of perturbations
in cloud mixing ratio and cloud number concentration, all scaled with various constants derived
from empirical evidence, determines the autoconversion and accretion rates (Morrison and Get-
telman) [2008). As discussed previously, cloud ice autoconversion to snow isn’t assumed to follow
a gamma distribution, largely due to a lack of observational studies; thus, cloud ice-mass and
number-weighted size distributions (with associated threshold sizes and conversion time scales) of
cloud ice mixing ratios and number concentrations are computed (Morrison and Gettelman, 2008]).
In CAMS, threshold size between cloud ice and snow is set at 200 micrometers with autoconver-
sion time scales set at three minutes and collection efficiencies of cloud ice into falling snow at
10%. For autoconversion in cloud ice mixing ratios, the product of cloud fraction, number- and
mass-weighted size distributions (determined by the aforementioned size thresholds and conversion
rates), and an exponential attenuation parameter. The size distributions are determined by the
following thresholds: minimum (maximum) mean diameter of cloud water is asumed to be two (50)

micrometers, cloud ice to be 10 (400) micrometers, rain to be 20 (500) micrometers, and snow 10

122



(2000) micrometers. Lastly, for simplicity, cloud ice (snow) is assumed to melt instantly at 0° (2°)
Celsius. Overall, precipitation in CAMS5 is ensured to be in vertical balance, both energetically and
from a mass standpoint. This is important to consider since cloud mixing ratio and number con-
centration are determined separately and thus can potentially lead to error in conservation. This
however may lead to potential sensitivities to time step, but errors can be minimized by appropriate
sub-stepping (Neale et al, 2010). As shown in (Park et al, [2014a)), CAMS5 has a general positive
bias in global annual-mean total precipitation at the surface with a value (3.01 mm/day) 12-15%
larger than satellite derived measurements (although these observations are suggested to be low
biased). From a mountain centric viewpoint, CAM5 has shown too strong of precipitation in the
Himalayas (especially in summer), the Andes (especially in winter), and in the Rockies when run
at 1.9° lat by 2.5° lon resolution and a physics time-step of 1800 seconds (30 minutes) (Park et al,
2014a). With the advent of variable-resolution capabilities, testing of these mountain precipitation

biases at higher-resolution is currently underway.

Macrophysics schemes in GCMs are used to describe sub-grid-scale cloud fraction in each model
vertical layer, the overlap (both horizontally and vertically) of clouds, and, lastly, the rate at
which water vapor is converted from vapor into liquid and ice (Neale et al, 2010). As described
in Morrison and Gettelman| (2008), microphysics has a strong physical backing; however, macro-
physics is associated with the largest uncertainty in GCMs. This is largely a result of the need to
work seamlessly across a multitude of horizontal resolutions that modelers demand and still main-
tain radiative/mass balance. CAMS5 utilizes the Park and Bretherton| (2009)); Park et all (2014al)
schemes and has been developed to produce cumulus (both deep and shallow), stratus, and total
cloud (cumulus plus stratus) sub-grid-scale cloud properties. The difference between stratus and
cumulus clouds have to do broadly with their shapes and turbulent nature. Stratus clouds are
often dominated by horizontal development with symmetric turbulence in the horizontal /vertical
velocities, cloud extents, and saturation properties; whereas, cumulus clouds are dominated by
vertical development and assymetric turbulence in which vertical development is narrow, strong,
and saturated and the descending subsidence is weakly diffuse and unsaturated (Neale et al, 2010).

These important processes (and their fractional behavior) are empirically derived.
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In CAM5, deep cumulus is represented by a log equation imposed on the product of an empirically
derived constant (675) and the uprdaft mass flux, with an adjustable scaling parameter. This
parameterization derives from the assumption that given a group of thermodynamic properties from
source air derived from the grid-mean a deep convective updraft plume can rise to neutral buoyancy
and be laterally entrained (10 m) when CAPE is larger than 70 J/kg (Park et al, [2014a)). Since
this equation was derived from the assumption that cumulus/stratus clouds act in a continuum,
an overestimation is implied and therefore a limit is imposed on this equation to provide fractional
areas ranging from zero to a maximum of 60% in the grid cell (Neale et al, 2010)). Additionally, the
constants used in the equation are assumed to have variability based on resolution, the continuum
assumption, and therefore assumed to be adjustable to ensure that reasonable regional/global
radiation budgets and grid-mean liquid/ice water contents are maintained (Neale et al, [2010).
Shallow cumulus fraction solves for both vertical velocity and mass flux within the updraft of
the cumulus (Park et al, 2014a). The parameterization aims to exemplify a plume of air which
rises from the PBL top and is laterally entrained, with entrainment rates inversely proportional to
the geometric height of the plume (Park et al, |2014al). The equation that describes this process
constitutes a product of the mass flux, density of air, and vertical velocity of the cumulus updraft,
multiplied by a constant (2) to account for two bouyancy processes (i.e., negative and positive
saturated buoyancy updrafts) (Neale et al, [2010). Akin to the deep cumulus fraction, a continuum
between liquid and ice is assumed, therefore a self imposed constraint is used. This constraint
assumes that the fraction of the cloud can span zero to 20 percent of the grid cell (Neale et al,
2010)). The stratus cloud macrophysics are separated into liquid and ice fractions by using grid-mean
relative humidity for water and grid-mean relative humidity for ice. Liquid fraction is assumed to
follow a triangular PDF where four RH conditionals (lower limit, bi-modal peak locations, and
upper limit) are set to ensure that even given a limited sample set of data a PDF can be derived
(Park et al, |2014a)). The half-width of the triangular PDF must be scale aware to account for any
GCM grid size and the sub-grid variability associated with this, therefore it should be computed
internally and not explicitly set externally. However, in CAM5 tuning parameters for critical
relative humidities (cRH) are set that are sensitive to model vertical level of the updraft plumes
and the land-surface properties of the grid cell. Thus, for layers below 700 hPa a cRH is set to 0.89,

and interestingly for western USA hydroclimate interests, to 0.79 if snow water equivalent is less
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than 10 m (the CAM5 developers self-describe this as a crude representation of a rough surface
in the lower troposphere), and 0.80 in layers above 400 hPa, with linear interpolation between the
two cRH pressure levels (Park et al, [2014al). Therefore, although simplified from reality, these cRH
values set the context of when cloud fraction in the grid-cell can begin to develop and provide the
spatial heterogeneity observed in nature spanning 20 km to 200 km (usual GCM grid-cell sizes)
without using an overly strict constraint of a necessary RH threshold of 100% in the grid-cell mean
(Quaas, [2012). With that being said, a necessary condition for cloud water to form is for RH to be
100% and liquid water can not exist outside the liquid stratus cloud region (also known collectively
as the saturation equilibrium) (Park et al, [2014a). Ice stratus cloud fraction doesn’t use a triangular
PDF, but rather a quadratic function of grid-mean total ice RH dependent on the grid-mean total
ice specific humidity divided by saturation specific humidity of ice minus the cRH of ice stratus
all over the difference between supersaturation (set at 1.1) minus cRH of ice stratus (Neale et al,
2010)). Unlike liquid stratus, ice stratus cRH is set to 0.8 regardless of vertical level of the updraft

plumes or land-surface properties, largely due to lack of observational data.

The last of the critical sub-grid scale determinants from macrophysics is the cloud overlap (both
horizontal and vertical). As described previously, four independent cloud fractions are possible
(deep/shallow cumulus and liquid/ice stratus). The distribution of these cloud fractions play a
pivotal role in determining the radiative interactions throughout the vertical column of the model,
how the Bergeron conversion process from vapor to liquid to ice occurs and inevitably the precipita-
tion tendencies of the GCM. Therefore, careful consideration must be used. For CAMS5, horizontal
overlap is determined by seven main assumptions. These are: shallow cumulus can account for
up to 20% of the cloud fraction, deep cumulus can account for up to 60% of the cloud fraction
and total cumulus can only account for up to 80% of the grid cell cloud fraction; shallow cumulus
and deep cumulus can’t overlap, whereas liquid/ice stratus are maximally overlapped and uni-
formly distributed; liquid and ice stratus can take up to 100% of the grid cell fraction, but only fill
the non-cumulus portion within each grid layer; and, lastly, to ensure conservation of total cloud
fraction, all cloud fractions must sum to less than or equal to 100% of the grid cell (Park et al,
2014al). Within a given vertical layer, CAM5 assumes that maximum overlap occurs in stratus

cloud fraction and that the radiation scheme only interacts with one total cloud fraction value,
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assumes horizontally homogeneous water /ice totals, and uses a maximum-vertical overlap of cloud

fraction to calculate radiative heating rates and profiles (Park et al, [2014a)).

Convection

Convection in CAM is split into two main categories, shallow and deep. Shallow convection dictates
how vertical transport of heat, momentum, moisture, and tracers will occur under asymmetric tur-
bulence. The shallow convection scheme (UWShCu) in CAM5 was developed by Park and Brether-
ton| (2009) with several assumptions including a steady state convective updraft plume with a small
fractional area and a corollary subsidence within the same grid cell. This scheme has undergone
extensive single-column testing and refinement in CAM5. The UWShCu shallow convection (along
with the moist turbulence parameterization) is responsible for eight different sub-grid-cell processes
in CAMS5 that dictate the evolution of cumulus cloud formation and demise. These proccesses in-
clude building the mean state profiles; creating the cloud condensation bins; characterizing updraft
plumes at the top of the planetary boundary layer (PBL); calculating the convective inhibitions
and turbulent kinetic energy for cloud base mass fluxes and updraft velocities; constructing the
buoyancy and entrainment characteristics of a plume between the PBL and cloud top; identifying
entrainment near the cloud top; producing convective fluxes in the PBL; ensuring conservation
of grid-mean tendencies in scalars; and, lastly, computing the tendencies of non-conserved scalars
(Neale et al, 2010). To compute the eight shallow convection processes seven state variables are
required. These include the grid mean tendencies in water vapor, liquid water, ice, temperature,
horizontal winds (u and v), and the mass/aerosol count. With these state variables, the shallow
convection scheme computes the condensate potential temperature and the total specific humidity
with both assumed to be either nearly or completely conserved. The profiles for both quantities
are then computed to conserve the mean state in each vertical layer, but discontinuities may occur
at model interfaces. Lastly, the profiles are used to compute the virtual potential temperature. In
summary, as described in [Park and Bretherton| (2009), the UWShCu parameterization is a mass-
flux scheme where entrainment and detrainment are computed via a buoyancy sorting algorithm

and triggered/closed by convective inhibition.

Deep convection in CAM5 was developed mainly using the Zhang and McFarlane| (1995) scheme.
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The overall role of deep convection is to dictate the evolution of an ensemble of convective plume
updraft /downdraft when the atmosphere is conditionally unstable in the lower layers of the model
atmosphere with sufficient convective available potential energy (CAPE). As convection occurs,
CAPE is assumed to be destroyed at an exponential rate with a specified adjustment time scale

Zhang and McFarlane| (1995).

Albeit, critically important for tropical precipitation trends, convection isn’t a dominant driver in
western USA mountain hydroclimatology (especially in winter). Therefore, the model assumptions
made in the macro- and micro-physics coupled with the efficacy of the large-scale climate drivers
are the dominant drivers of regional precipitation. These include the location and magnitude of the
Rossby Wave tracks, the positive/negative phase of geopotential height anomalies, topographical

resolution, orographic uplift, and SST anomalies.

Sub-Grid-Scale Topography

Topography representation in climate models is crucial in resolving key hydroclimatic variables.
Orographic uplift plays a pivotal role in forcing air masses to quickly ascend the adiabatic lapse
rate, resulting in a faster means to precipitation, and the maintenance of freezing to subfreezing
temperatures through extended periods of the year. This is especially important for temperature
dependent quantities such as snowfall and snowpack accumulation/melt. Unfortunately for most
of today’s global climate models topography is much more smoothed than reality. This smoothing
is a function of the coarse (111km) model grids that arise due to restraints in computational cost
and maintaining numerical stability in terrain following vertical coordinate systems, like the ones
implemented in CESM. Thus, the peaks, valleys, and slope irregularities of realistic topography
is often neglected. To try and alleviate this, sub-grid-scale topography is implemented to ensure
that some semblance of the fractal nature of topographic reality is maintained in climate model’s
resolved topography. This is important in representing surface frictional drag, orographic uplift,

and vertical moisture and momentum transport/profiles.

In CAMS5, surface stress is implicitly represented in the lowest model layer to ensure that the whole

system’s horizontal momentum is conserved, surface winds don’t act non-physically and numerical
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instabilities don’t arise (often supplemented by smoothing of the lower boundary topography). To
calculate the surface stress coefficient for a given timestep, the normal drag coefficient is added to
the turbulent mountain stress drag coefficient (a variable specific to only the atmospheric model).
The normal drag coefficient is derived from the lower layer winds and the turbulent mountain stress
coefficient is derived from the sub-grid distribution of surface topography. Additionally, a portion
of the residual accumulated stress (stored for up to two model hours) is partitioned into the lower
model layer, which changes the surface winds. Lastly, the winds at the lowest model layers are
computed for the next time step. The overall effect of this drag coefficient is to dampen winds at
the lower boundary of the climate model (creating vertical shear) as well as vertically propagate

energy /moisture.

An additional sub-grid-scale parameter that is related to the sub-grid-scale topography in CAMS5 is
the representation of gravity wave drag. Gravity waves arise due to heterogeneous surface bound-
aries (i.e., topography) that create internal heating (friction) and wind shear resulting in the ver-
tical propagation of momentum and energy from source regions (mountains) to higher levels in
the atmosphere and/or downstream of the disturbance resulting in a non-negligible modification
to the large-scale flow of the atmosphere (Neale et al, [2010). In fact, as described in (McFarlane,
1987) GCMs used to have inherent Northern Hemispheric wintertime circulation biases due to the
inadequate representation of geopotential height fields and orographic forcing (i.e., gravity wave
dissipation) which would impact the efficacy of medium-range forecasts. The gravity wave drag
functions in CAMS5 are derived from the hydrostatic momentum, continuity, and thermodynamic
equations with assumed exponential wave solutions that rely on the Reynolds stress, Brunt-Vaisalla
frequency, scale height, horizontal wavenumber and phase speed to compute the WentzelKramers-
Brillouin (WKB) solution (Neale et al, 2010). This allows for the approximation of dynamical
processes such as the saturation condition (wave breaking), diffusive damping (molecular diffusion
or radiative cooling), and dissipation transport and/or heating from wave breaking (Neale et al,
2010)). Of particular interest to mountain hydroclimate research, the orographic source function in
CAMS5 is derived from |[McFarlane (1987). This orographic specific disturbance (known as tau) is
calculated by first sampling the sub-grid-scale standard deviation in orography to determine the

average mountain height which in turn determines the maximal upper bound of the streamline
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displacement that may occur (Neale et al, [2010)). Once this value is determined, then the product
of this term and the vertical averages for local air density, Brunt-Vaisalla frequency, and horizontal
wind speeds are used to compute the streamlines of wave propagation/dissipation (Neale et al,

2010).

Another method in which to embed topographic influences into climate models are via sub-grid-scale
topography parameterizations, such as the LG method (Leung and Ghanl, [1998; (Ghan et al, [2002;
Qian et al, [2010). This climate model parameterization uses a 1km elevation dataset (GLOBE)
to group the planet into 11 elevation classes, assessed and partitioned individually for each model
grid cell. The elevation class bins are: -500, -1, 200, 400, 700, 1000, 1500, 2000, 3000, 4000, 5000,
7000, and 9000 meters, with less elevation classes needed as topography is explicitly resolved at the
grid cell level (decreasing computational burden). The LG method works by using a combination
of statistical representation of sub-grid variations in surface elevation and a simple airflow model
employed only in regions of complex terrain. The airflow model assesses the rise/descent of an air
parcel interacting with each elevation class and diagnoses the vertical temperature and humidity
profiles (using the grid cell mean values). According to |Leung and Ghan (1998), there are only two
precipitation tuning parameters in the LG method, Tau (orographic forcing timescale related to the
lifting/descent of an air parcel) which is usually tuned to 10 hrs for climate simulations based on
sensitivity analyses in regional climate model (RCM) studies and Frc (the critical Froude number
related to the mountain height (non-dimensionalized)). Overall, the LG method’s updated state
doesn’t directly influence the model physics for clouds and/or precipitation, but does become a
forcing term in the prognostic conservation equations for temperature and humidity for each eleva-
tion class. The result of implementing this sub-grid-scale parameterization into CAM has resulted
in a clear upgrade in terms of mountain snowpack in the western USA with CAM replicating similar
winter season (DJF) spatial distributions of precipitation and mountain snowpack as a widely used
RCM, WRF, and vastly better characterizations compared to the non-LG method version of CAM,
which characterized merely 3% of the observed SWE value (Ghan et al, 2002; Qian et al, [2010)).
Although a huge upgrade was seen with the LG method, the sub-grid scheme underestimations
were on the order of 2-5 in the Sierra Nevada, Wasatch, and Rockies and overestimated by a factor

of 2-5 in eastern Oregon and lee side of the Sierra Nevada (Qian et al, |2010)). The excessive snow
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was likely due to excessive precipitation, a cold bias associated with inadequate representation of
lee side rain shadows (especially in coastal and narrow/perpendicular mountain ranges) and no ac-
count of the influence of mountain range orientation’s modification to model wind directions(Ghan

et al, |2002; |Qian et al, 2010)).

Radiation

The interactions between CAMS cloud distributions and radiative transfer are integral in deter-
mining the surface energy budgets within CESM (and represent the bulk of the computational
cost of a GCM). As described earlier, clouds are assumed to take the form of either liquid, ice,
or snow, each of which have distinct optical depths (measure of attenuation through a medium),
single-scatter albedos (incident radiative dispersion for a given wavelength), and asymmetry pa-
rameters (scattering ability of a given aerosol); however, for simplification, due to computational
restraints, all of the cloud types and their associated properties are amalgamated together into a
total cloud fraction Neale et all (2010). To calculate the radiative fluxes and heating rates, CAM5
utilizes the Rapid Radiative Transfer Model for GCMs (RRTMG) scheme which employs broad
spectral intervals for both shortwave and longwave radiation on hourly interval frequencies and
assumes a Kurucz spectrum to define the solar spectral irradiance (Iacono et al, [2008; Neale et al,
2010). RRTMG accounts for both diurnal and orbital cycles for Earth’s eccentricity (orbital shape),
precession (axial wobble), and obliquity (axial tilt). With an assumed 1368.22 W/m? (this can be
adjusted) at the top of the atmosphere, the radiative transfer model divides the solar spectrum
into 14 shortwave bands (spanning 0.2 to 12.2 micrometers) that allow extinction (absorption and
scattering) to occur from homogeneously mixed layers of oxygen and nitrogen gas, ozone, water,
carbon dioxide, methane, clouds, aerosols, and Rayleigh scattering (Neale et al, [2010). Addition-
ally, the RRTMG model only computes shortwave radiation when the sun is above the horizon (or
when the cosine of the zenith angle is greater than zero). With all of the aforementioned assump-
tions, RRTMG has shown accuracy in total radiative flux to 1-2 W/m? in clear sky conditions, six
W /m? for overcast conditions, and two W/m? of a more complex and empirically validated model
(CHARTS) Neale et al| (2010). For longwave calculations, 16 bands are assumed (spanning 3.1 to
1000 micrometers) with absorption possibilities for water, carbon dioxide, methane, ozone, nitrous

oxide, chlorofluorocarbons (CFCs - 11 and 12), oxygen and nitrogen gas. A single radiative transfer
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angle is assumed (secant = 1.66) for one upward and downward longwave calculation, although the
angle can be adjusted if total column water vapor concentrations are sufficiently high (due to the
perturbed diffusivity angle). Further, the radiative emissivity is assumed to be one; but, if the
radiative surface temperature derived from the upward longwave surface flux calculation in CLM,
via the Stefan-Boltzmann equation, is less than one then this alternate value is used. The resultant
longwave approximations in the model are accurate to within one W /m? of the total vertical column
with higher accuracy in the tropospheric cooling rate (within 0.1 K/day) than the stratospheric
cooling rate (0.3 K/day) when compared to a more complex line-by-line radiative transfer model,

LBLRTM (Neale et al, 2010)).

Land-Surface Processes

Land-surface models are diverse in both their complexity and foci. In general, Earth System Mod-
els, such as CESM, entrust the land-surface model to couple to the atmospheric model and provide
lower boundary conditions/updates for short- and long-wave radiation changes, frictional drag on
the wind, carbon/nitrogen cycling, land cover (and albedo) properties, and water budget cycling.
The following variables are sent from the atmosphere model to the land model: atmospheric refer-
ence height pressure and temperature (a critical quantity in determining the boundary layer height
and resultant fluxes between the atmosphere and land surface), zonal/meridional winds, poten-
tial temperature, specific humidity, incident short- and long-wave radiation (direct and diffuse),
liquid/solid precipitation, carbon, nitrogren, and aerosol species, and lightning frequency (Oleson
et al, 2010]). Conversely, the land model then sends the following updated variables back to the at-
mosphere model: latent, sensible, momentum, water vapor, and dust fluxes, emitted and reflected
long- and short-wave (both direct and diffuse), absorbed solar radiation, radiative temperature,
two-meter surface temperature and specific humidity, snow water equivalent, aerodynmaic resis-
tance, friction velocity, and, lastly, net ecosystem exchange (Oleson et al, 2010). Additionally,
recent developments in CLM have resulted in features such as dynamic vegetation cover where the
land-surface can iteratively interact with atmospheric forcing, fire ignition, and even human deci-
sion making that may lead to modification of the land-surface based on economic and/or rational

actor frameworks (Oleson et al, 2010).
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To provide the aforementioned updates to the atmospheric model input variables, CLM utilizes
a column-based specification routine that breaks each model cell into a unique combination of
land unit types including glacier, lake, urban, vegetated, and wetland (Lawrence et al, 2011)).
The vegetated component of the grid cell is further broken down into various soil types, derived
from various USGS products, and 15 unique, plus non-vegetated, Plant Functional Types (PFTs)
(Lawrence et al, 2011). CLM4.0 PFTs include five evergreen species and six deciduous species
for temperate, boreal, and tropical climates, three grasses for arctic and non-arctic climates (with
C-3 and C-4 variations) and a few staple cereal crops (Lawrence et al, 2011). PFT cover is derived
from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data at 0.5° resolution
with canopy heights for each of the PFTs assumed to be constant, ranging from 0.5 meters (crops,
grasses, and shrubs) to 35 meters (trees) (Lawrence et al, 2011)). Broadly, the hydrologic portion
of CLM aims to solve the water budget, or precipitation is equal to the sum of evapotranspiration,
runoff, and the change in storage (surface and sub-surface). In this process, CLM must differentiate
between precipitation phase (rain/snow) and how much of this precipitation is intercepted by the
canopy (or stored as snow) as well as how much of the interception/throughfall is absorbed by the

soils and inevitably transpired by the vegetation.

The parameterizations of snowpack within CESM’s CLM4.0, are based primarily on work done
by |Anderson| (1976), Jordan| (1991), and [Yongjiu and Qingcun (1997). These parameterizations
characterize several important state variables for snowpack including: the mass of water, mass of
ice, snowpack layer thickness (up to five individual layers), snow cover extent, temperature profile
throughout the total snowpack, black carbon and mineral deposition, and snowpack aging and op-
tical properties (Lawrence et al, [2011). Excitingly, CLM5 (which will be publicly released in 2017)
will likely have substantial (and beneficial) changes to the CLM4 hydrology/snow model compo-
nents, moving it closer to state-of-the-art status (Lawrence and the Land Model Working Group),
2016)). These modifications include: the maximum snow layers increased from five to 12, the snow
water equivalent cap moved from one meter to 10 meters, the treatment of rainfall/snowfall sepa-
rately in canopy interception, several wind effect additions (fresh snow density modifications and
compaction post-precipitation), and significant upgrades to the hillslope hydrology (Lawrence and

the Land Model Working Group), [2016). Fundamentally, CLM (and many other snow models) use
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Anderson| (1976|) as the basis of developing their model variant. The foundational model devel-
oped by [Anderson| (1976)) is dependent on its interpretation of the energy balance equation which
states that the change in heat storage in the snow cover is equal to the sum of the incoming atmo-
spheric/terrestrial longwave radiation, sensible and latent heat transfer, and the heat transfer due
to mass and snow-soil interface minus the sum of the reflected shortwave and emitted longwave ra-
diation by the snow cover. Although seemingly straightforward, the execution of model thresholds
in various snow properties aren’t. This is largely a result of the various temporal scales at which
these processes act, the liquid/ice phasing is somewhat temperature variant (i.e., liquid water and
snow can both exist at 0° Celsius) and snow is highly reflective in the shortwave (40-90% reflectance
efficiency, based on snow age) yet a blackbody in the longwave (99% absorbance/emittance effi-
ciency) (Anderson, (1976). Furthermore, snowfall and rainfall are sensitive to orographic influence
and ground level temperatures, however not always linearly so. This was shown by the U.S. Army
Corps of Engineers (1956) which assessed rainfall /snowfall in relation to surface air temperatures in
the western USA. They found that typically the rain to snow transition occurs around 1-2° Celsius;
however, relatively large variations can occur in phasing where rain was found to occur down to -1 °
Celsius and snow was found to occur up to 4° Celsius. Additionally, the presence of cloud and forest
cover can alter this energy balance. For example, a non-forested snow area will have positive net
longwave radiation exchanges when the temperature is above freezing and cloudiness is present, yet
with no cloud cover the same site will have a net negative longwave exchange until air temperature
is above 20-25° Celsius (Anderson, [1976). Additionally, an extensive review of the North American
and European snowpack-canopy interaction literature by [Varhola et al (2010) showed that snow-
pack accumulation and melting patterns can be significantly altered by changes in forest cover,
accounting for relative variance changes of 57% in snow accumulation and 72% in snow ablation.
All of the aforementioned directly effect the snowpack density, reflectance properties, and thus wa-
ter availability of the snowpack. Thus, CLM’s PFT types and percent cover of PFTs within each
CLM vegetated land-unit play a crucial role in shaping snowpack trends. As described previously,
this is because the interaction between the canopy and snowpack are vegetative species specific for
biogeochemical, radiative, and hydrological processes including: interception, throughfall, canopy
drip, water removal via transpiration, and optical property interactions based on leaf angle and

specific PFT (Lawrence et al, 2011)). Therefore, CLM provides a relatively complex representation
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of snowpack and its biogeophysical interactions (i.e., canopy cover and storage) within a scalable
global climate model framework. As shown by the most recent snow model intercomparison project
(SnowMIP2), a comprehensive assessment of 33 snow models (including CLM) with varying com-
plexity and intended development purpose, no model was shown to perform best across a range of
discrete locations in the Northern Hemisphere (Essery et al, |2009). Further complications arose
in the intercomparison project when canopy interactions were assessed as models performed dif-
ferently with vegetated and non-vegetated environments. |Essery et all (2009) found that a key
indicator of more optimal performance in a snow model is its vegetation cover characterization,
winter temperature characterization, and performance across a multitude of variables (e.g., snow
cover, snow depth, and snow water equivalent). Although bias is prevalent in CLM (as it is in
most models), it does account for many of these optimal performance indicators, lending itself to

hydroclimate research in western USA mountainous regions.
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