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ABSTRACT

Snow is important to water resources and is of critical importance to society. Ground-weather-radar-based

snowfall observations have been highly desirable for large-scale weather monitoring and water resources

applications. This study conducts an evaluation of the Multi-Radar Multi-Sensor (MRMS) quantitative es-

timates of snow rate using the Snowpack Telemetry (SNOTEL) daily snow water equivalent (SWE) datasets.

A detectability evaluation shows that MRMS is limited in detecting very light snow (daily snow

accumulation,5mm) because of the quality control module in MRMS filtering out weak signals (,5 dBZ).

For daily snow accumulation greater than 10mm, MRMS has good detectability. The quantitative compar-

isons reveal a bias of277.37% betweenMRMS and SNOTEL. Amajority of the underestimation bias occurs

in relatively warm conditions with surface temperatures ranging from 2108 to 08C. A constant reflectivity–

SWE intensity relationship does not capture the snowmass flux increase associated with denser snow particles

at these relatively warm temperatures. There is no clear dependence of the bias on radar beam height. The

findings in this study indicate that further improvement in radar snowfall products might occur by deriving

appropriate reflectivity–SWE relationships considering the degree of riming and snowflake size.

1. Introduction

Accurate estimation of snow is needed for many ap-

plications (e.g., water resources management, hydrol-

ogy, and recreation), but it has remained a challenging

task (Skofronick-Jackson et al. 2015; Behrangi et al.

2014). Routine observations of snowfall have been, so

far, mostly restricted to ground-based stations with

sparse spatial distribution and inconsistent duration of

data record (Walsh 1996; Liu and Seo 2013). Snowfall

observations by remote sensing systems have become

highly desirable for large-scale weather monitoring and

global climate studies (Skofronick-Jackson et al. 2015).

The Multi-Radar Multi-Sensor (MRMS) system uti-

lizes data measured by theWeather Surveillance Radar-

1988 Doppler (WSR-88D) Next Generation Weather

Radar (NEXRAD) along with automated gauge net-

works and numerical model outputs to provide real-time

and high-resolution (1 km, 2min) precipitation products

including snow (Zhang et al. 2011, 2016). Currently,

MRMS quantitative precipitation estimation (QPE) is

an independent reference for Global Precipitation

Measurement (GPM) mission liquid rainfall products

(e.g., Kirstetter et al. 2012, 2015b; Munchak and

Skofronick-Jackson 2013). Extending the value of

MRMS precipitation products to the snow research

community has become desirable. Kirstetter et al.

(2015a) performed quantitative evaluations of the

MRMS reflectivity–snow water equivalent (SWE)

relationship and noted significant underestimation

relative to the Hydrometeorological Automated Data

System (HADS) gauges. They suggested further in-

vestigations on the influence of parameters such as

snow density and temperature.

A measuring network called Snowpack Telemetry

(SNOTEL) was installed in the western United States to

measure snow. SNOTEL was designed to provide cost-

effective data from high snow accumulation regions

throughout western United States. SWE data are gen-

erally available from the early 1980s. Beginning in the

early 1980s, the stations started to measure precipitation.
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From the late 1980s, minimum and maximum daily air

temperature are also measured. SNOTEL SWE records

along with other station measurements have been used

in many studies. For example, SNOTEL daily mini-

mum temperature observations are directly ingested by

Parameter-Elevation Regressions on Independent

Slopes Model (PRISM; Daly et al. 2008) and Daymet

(Thornton et al. 1997), two widely used gridded climate

products. SNOTEL SWE records have been used to

examine seasonal aspects of western United States

precipitation (Mock 1996). In this study, we use the daily

SNOTEL records of SWE as an in situ snowfall refer-

ence to evaluate radar snowfall products.

The objective of this paper is to validate MRMS

snowfall daily products over the western United States

using daily measurements from the SNOTEL network.

Note that the context of complex terrain and sparse

radar network is not favorable to the sampling of

precipitation and specifically snow. Hence, while this

analysis provides a first large-scale assessment of

ground-weather-radar-derived snowfall products in

mountainous terrain, caution is required in generalizing

the results to other contexts such as the relatively dense

radar coverage in the Great Plains of the United States.

2. SNOTEL measurements and MRMS dataset

a. SNOTEL measurements

The authors utilized snowfall observations from 788

SNOTEL stations located in the western mountainous

region of theUnited States (Fig. 1) fromDecember 2014

to February 2015. SWE is measured by a snow pillow

filled with an antifreeze solution. As the snow accumu-

lates, the weight of the snowpack forces the solution

into a manometer column inside the instrument shelter.

The height change of the manometer is monitored by a

pressure transducer and is converted to SWE in inches.

The sensitivity of SNOTEL SWE is 0.1 in. (2.54mm).

Like the snow pillows, SNOTEL gauges also work on

the same manometer/pressure transducer principle. The

precipitation gauges measure all phases of precipitation,

while snow pillows onlymeasure solid precipitation. The

snow pillow and precipitation gauges provide hourly

SWE and precipitation data, which are much less reli-

able in relation to daily accumulations because of the

wind effects and sensor issues. Radar data werematched

to daily SNOTELmeasurements to provide a robust and

reliable reference for radar evaluation. A quality control

procedure based on the one described by Serreze et al.

(1999) was conducted.

b. MRMS snowfall products

MRMS is a research system integrating radar, rain

gauge, satellite, and numerical weather prediction data

and generates automated, seamless national 3D radar

mosaic and multisensor QPEs (Zhang et al. 2016).

MRMS also provides the seamless hybrid scan re-

flectivity height (SHSRH) product, which is the height

of the lowest nonmissing single radar hybrid scan re-

flectivity at each MRMS grid cell. The MRMS system

uses two criteria to identify snowfall. First, to avoid

echoes caused by Bragg scattering (Knight and Miller

1993; Kollias et al. 2007), radar reflectivity must exceed

5dBZ. Second, the surface temperature and wet bulb

temperature from hourly model analyses must be lower

than 28 and 08C, respectively. For each grid cell identi-

fied as falling snow, the empirical relation Z 5 75S2

(Zhang et al. 2016) is applied to convert radar reflectivity

Z to snowfall rate S. MRMS SWEs are not corrected by

gauge measurements since most of the HADS gauges

are tipping-bucket type and automated gauges have dif-

ficulties in measuring frozen precipitation accurately

(Rasmussen et al. 2012;Martinaitis et al. 2015). Itmust be

noted that the MRMS algorithms continue to evolve,

especially now that dual-polarization radar variables are

FIG. 1. The locations of WSR-88D radar sites (white circles) and SNOTEL stations (red dots)

with terrain elevation (m) as background.
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available and incorporated. While the evaluation is

focused on a prior version of the MRMS algorithm

before the NEXRAD upgrade to dual polarization,

there are a number of users (i.e., satellite validation

community, hydrologic modelers, regional climate

modelers) who are interested in the error characteris-

tics of SWE for the study period. Moreover, outcomes

from the results are envisioned to guide the ever-

evolving SWE algorithms that are being developed

within the remote sensing community and beyond.

The study employed three criteria to match MRMS

gridded radar SWE to SNOTEL station data. First, only

estimates from the closestMRMS grid cells to the surface

site were selected. Second, since SNOTEL daily mea-

surements are transmitted at local midnight for the pre-

vious day, MRMS hourly data were accumulated to daily

in order to match SNOTEL’s temporal scale. Third,

SNOTEL–MRMS pairs were selected for days at which

the daily maximum temperature measured by SNOTEL

was less than 08C to ensure solid precipitation. To vali-

date the simple temperature-based rain–snow separation

algorithm, snow pillows and precipitation gauge mea-

surements from the selected days are compared. The

agreement between two sensors with a bias ratio of

8.31% [(pillow 2 gauge)/gauge 3 100] and correlation

coefficient of 0.90 indicates that only solid precipitation is

selected under the specified criteria. The underestimation

by precipitation gauges compared to snow pillows may

primarily come from the undercatch during windy con-

ditions, which is an oft-noted issue of gauges in snowfall

measurements (Wen et al. 2016; Rasmussen et al. 2012).

Snow pillows can underestimate the weight of snowpack

in case of ice bridges (Gray and Male 1981). Also, snow

pillows can underestimate or overestimate the actual

SWE because of errors stemming from temperature dif-

ferences between the instrument and the surrounding soil

(Johnson and Schaefer 2002; Johnson 2004). To evaluate

MRMS snowfall products, we use the SWE measured by

snow pillows.

3. MRMS snowfall detectability evaluation

Two major aspects to address for MRMS snowfall

products are 1) the capability to detect falling snow

and 2) the accuracy in quantifying snowfall rate.

Simple contingency table statistics are applied to an-

swer the first question. The contingency table statis-

tics describing the probability of detection (POD),

critical success index (CSI), and false alarm rate

(FAR) are used to evaluate MRMS snowfall de-

tectability. These indexes are computed based on the

number of hitsH, false alarms F, andmissesM for data

pairs:

POD5H/(H1M) , (1)

CSI5H/(H1F1M), and (2)

FAR5F/(H1F) . (3)

In total, 17946 samples are used to test the detectability.

Figure 2 shows the POD, FAR, and CSI as a function of

daily snow accumulation measured by SNOTEL. The

POD and CSI show a trend of improving values with in-

creasing snowfall accumulation. This improvement in-

dicates that MRMS likely misses the light snowfall

intensities. For daily snow accumulation less than 5mm,

the CSI is lower than 0.25. The quality control module in

MRMS filters out weak signals (,5dBZ). Thus, in-

stantaneous snowfall rate less than 0.2mmh21 is classified

as no precipitation in MRMS and the detection issue

propagates to SWE daily accumulation. Note that for the

daily SWE accumulation below 5mm, the FAR value is

higher than 0.5. The high FARof SNOTEL is due to snow

pillow sensitivity. Almost all misses of SNOTEL have

MRMS accumulations less than 2.54mm (0.1 in.), the

minimum value that the snow pillows detect (section 2a).

To ensure good quality of SNOTEL products, hereafter,

SNOTEL daily accumulations less than 2.54mm have

been removed for the quantitative evaluation in the fol-

lowing section. For daily snow accumulation greater than

10mm, all indices (POD, CSI, and FAR) show good re-

sults, indicating good detectability by MRMS.

4. Snow daily accumulation comparisons

a. Evaluation statistics

To evaluate how accurately MRMS quantifies the

snowfall daily accumulation, the relative bias (RB),

FIG. 2. The POD, FAR, and CSI by MRMS in terms of daily

snowfall accumulation.
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correlation coefficient (CC), the mean absolute error

(MAE) and root-mean-square error (RMSE) are se-

lected for comparison with SNOTEL snow pillow daily

measurements:

RB5
�R(i)2�P(i)

�P(i)
3 100%, (4)

CC5
�[R(i)2R]�[P(i)2P]ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�[R(i)2R]2�[P(i)2P]2

q , (5)

MAE5
�jR(i)2P(i)j

n
, and (6)

RMSE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�[R(i)2P(i)]2

n

s
. (7)

In (5), R and P represent the arithmetic mean of the

MRMS radar and SNOTEL snow pillowmeasurements,

respectively.

The color-density scatterplot in Fig. 3 shows quanti-

tative comparison of MRMS and SNOTEL SWE daily

accumulation.Compared toSNOTELobservations,MRMS

snowfall daily accumulations show underestimation

with anRBof277.37%.We recall that radarQPE in the

western United States is challenging because of in-

sufficient NEXRAD radar coverage and the high spatial

variability of precipitation due to orographic enhance-

ments (Maddox et al. 2002). The underestimation of

MRMS is mainly due to radar beam volumes increasing

in size and height above the terrain at far range, snow

mass flux changing with temperature, and uncertainty in

the Z–SWE relation. These potential factors are eluci-

dated in the following sections.

b. Evaluation with radar beam height

Systematic errors in ground-based radar precipitation

estimation are related to the vertical profile of reflec-

tivity (VPR) features combined with the geometric ef-

fects of the radar beam. They create the oft-noted radar

beam height dependence (Bellon et al. 2005). The VPR

always has a negative slope feature in the snow part

(Kirstetter et al. 2013), causing underestimation at the

surface if the radar beam samples higher parts of the

atmosphere. Figure 4 shows the errors between MRMS

and SNOTEL as a function of MRMS SHSRH above

ground level. The majority of points are located within

65mm, indicating that the radar SWE is consistent with

SNOTEL measurements. Some points indicate un-

derestimation (MRMS–SNOTEL discrepancies lower

than210mm); however, no clear trend is revealed. This

analysis suggests that radar sampling is not the primary

explanatory variable for the significant underestimation

of SWE by MRMS.

c. Evaluation with temperature

Changing temperature impacts snow properties at the

surface (snowflake size distribution, scattering proper-

ties, density, and falling velocity). An evaluation of ra-

dar snowfall measurements as a function of temperature

is performed to at least partially unravel the discrep-

ancies between estimates by MRMS and SNOTEL. The

color-density scatterplots in Fig. 5a show that the

agreement between MRMS and SNOTEL deteriorates

toward increasing underestimation with temperature

increasing and approaching 08C. The large variability in
errors at warmer temperatures (08C) is also of interest.

This temperature-dependent error may be associated

FIG. 3. The color-density scatterplot of SNOTEL andMRMS daily

accumulation.

FIG. 4. Difference between MRMS and SNOTEL against radar

beam height above ground level.
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with the snowflakes growth processes and their types

(e.g., dendrites vs aggregates), which impacts their size

distribution, scattering properties, and the falling ve-

locity. Unlike liquid rain with a constant density, snow

presents a large variability in terms of crystal type and

degree of riming. It makes it more difficult to estimate the

snow rate based on the radar reflectivity factor alone.

Previous works on the relationship between snowflake

density and temperature indicate a nonlinear increase of

snow density with increasing temperature from 2158 to
08C (e.g., LaChapelle 1962; Judson and Doesken 2000).

Garrett and Yuter (2014) found a 37% reduction in the

mean value of snowflake density with temperature de-

creasing from 23.58 to 217.38C. Denser snow particles

have higher fall speeds, as shown in wind tunnel studies

(e.g.,Macklin 1962;Rasmussen andHeymsfield 1985) and

used in models of the melting layer (Zawadzki et al. 2005;

Kirstetter et al. 2013), and it increases significantly the

snow mass flux. This is consistent with results shown in

Fig. 5b in which daily snow accumulation measured by

SNOTEL snow pillows increase with temperature.

However, the temperature-dependent snow mass flux is

not captured by a single reflectivity–SWE relationship.

While the MRMS shows somewhat higher daily snow

accumulation closer to 08C, it significantly underestimates

this dependence (Fig. 5c), resulting in the bias observed in

Fig. 5a.

Further improvement in radar snowfall rate retrieval

might occur by stratifying the Z–S relationships ac-

cording to the degree of crystal riming and the snowflake

size using polarimetric radar signals and/or environ-

mental variables.

d. Evaluation with snow intensity

Figure 6 shows the MRMS–SNOTEL discrepancies

as a function of the SNOTEL daily accumulation. An

increasing underestimation by MRMS is noticed with

increasing snow accumulations. The uncertainties from

the Z–S relation could be very large and a variety of Z–S

relations have been derived in previous studies. The one

adopted in the MRMS system, Z 5 75S2, may be in-

appropriate to use across the entire CONUS because of

the large variability in snowflakes types, size distribution,

scattering properties, and falling velocity. This analysis

indicates that a new set of Z–S relationships is needed

to be based on accurate ground snowfall measurements.

FIG. 5. (a) Difference between MRMS and

SNOTEL daily snow accumulation against daily av-

erage temperature. (b)Daily snow accumulation from

SNOTEL against daily average temperature. (c) Daily

snow accumulation from MRMS against daily average

temperature.
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This analysis also motivates future studies that in-

corporate polarimetric variables to estimate SWE.

5. Conclusions and future work

This study provides both a qualitative and quantita-

tive assessment of MRMS snowfall products as com-

pared with SNOTEL SWEmeasurements in the western

United States. Advantages of using SNOTEL data for

this assessment are reliable daily SWE measurements.

The main findings are summarized as follows:

1) MRMS shows limitations in detecting very light

snow, probably due to the quality control module

in MRMS filtering out weak signals (,5 dBZ).

MRMS has a good detectability for daily snow

accumulation greater than 10mm.

2) Comparisons of MRMS and SNOTEL daily SWE

accumulation indicate underestimation by MRMS

with an overall bias of 277.37%.

3) By comparing the daily SWE accumulation with re-

spect to radar beam height, temperature, and snow

intensity, biases seem to arise primarily from snow

mass flux change. Besides the temperature effects, the

snowfall-intensity-correlated underestimation indicates

that the current Z–S relation needs to be recalibrated

or new logic is needed altogether that considers micro-

physical properties of snowflakes (shape, size, and

falling velocity) using polarimetric radar variables.

Recent work undertaken at NSSL to improve the es-

timation of SWE involves the comparison of S-band

polarimetric radar observations and disdrometer mea-

surements to link the microphysical properties of snow

hydrometeors with integral polarimetric radar variables.

To improve the accuracy of MRMS radar-based snow

rates, future work will attempt to

1) stratify the data by degree of riming and by snow-

flake size from polarimetric radar signals and envi-

ronmental variables to enable the selection of

appropriate radar variables to estimate SWE and

2) develop a probabilistic SWE product accounting for

radar sampling and environmental variables, as

presented in Kirstetter et al. (2015a).
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