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The installation of the Alamosa gap-filling radar in 2019 not only greatly improved
surveillance of current precipitation in the mountain-ringed San Luis valley, but also
improved estimates of rain and snow accumulation. This is particularly important for
hydrological prediction in this headwaters region, as it provides vital information for
potential downstream floods and reservoir storage. This study performs three
experiments using the community WRF-Hydro modeling system (the core model
of the National Water Model) during 2021 to estimate the effect of the new Alamosa
gap-filling radar, as integrated into the National Severe Storms Laboratory Multi-
radar Multi-sensor quantitative precipitation estimate product on model-predicted
streamflow. The first model experiment utilizes the Multi-Radar Multi-Sensor data,
including from the new Alamosa radar; the second utilizes a spatially-downscaled
version of the NLDAS-2 precipitation field, mapped to a high resolution WRF-Hydro
model grid; while the third experiment uses a combination of the two, with MRMS
used in areas observed by the Alamosa radar. Emphasis is placed on analyzing the
impact of the radar quantitative precipitation estimate on total seasonal runoff in the
Conejos River basin and overall runoff throughout the Upper Rio Grande River basin
in southern Colorado.
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1 Introduction

Accurate precipitation is the most important factor in predicting streamflow (Wagner et al.,
2012; Strauch et al., 2012; Monteiro et al., 2016; Tuo et al., 2016; Laiti, et al., 2018; Duan et al.,
2019). There are various sources of precipitation, each with their own strengths and weaknesses.
Precipitation gauges provide the most accurate estimates at specific locations, but lack the
ability to provide the spatial detail necessary for most hydrological applications (e.g., Kidd et al.,
2017; He et al., 2018). Satellites are less accurate than other sources, but are still useful in areas
without any other observational sources (e.g., Joyce et al., 2004; Hou et al., 2010). Operational
radars provide great spatial (~1 km) and temporal (~5 min) resolution (Zhang et al., 2016), but
are unable to provide precise rates due to various factors, including radar beam height above
ground level (Junyent and Chandrasekar 2009), weather regime, and their widely varying Z-R
relationships (Ignaccolo and De Michele 2020), even with the recent inclusion of polarimetric
capabilities (Bringi and Chandrasekar 2001.) Radar estimates of precipitation rate are also
highly limited by terrain blockage, especially of the lowest scan angles. This has long been the
case for the mountain-ringed San Luis Valley of Colorado, bordered by the Sangre de Cristo
Mountains toward the north to southeast, the San Luis Hills to the south, the San Juans toward
the southwest to northwest, and the Sawatch to the north-northwest (Figure 1.) From
2013–2018, the Conejos Water Conservancy District rented a Doppler radar that operated
intermittently to observe precipitation across the San Luis Valley and the surrounding
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mountains (Reppenhagen 2020). These radar data provided much
needed andmore accurate estimates of precipitation, and subsequently
streamflow, so that they were able to eventually obtain a permanent
radar of their own, which became operational in September 2019.

In this study, we applied the community Weather Research and
Forecasting Hydrological (WRF-Hydro)-based National Water Model
(NWM; Gochis et al., 2020) over the seasonal Colorado Ensemble
Streamflow Prediction (ESP) domain to investigate the impact of the
Alamosa radar data on streamflow simulations in the NWM during
calendar year 2021. We ran a series of three NWM simulations using
precipitation data coming from 1) the North American Land Data
Assimilation System (NLDAS-2, hereafter referred to as NLDAS; Xia
et al., 2012a; Xia et al., 2012b), which provides particularly valuable
precipitation coverage in regions unobserved by radar; 2) the
primarily-radar-derived Multi-Radar Multi-Sensor (MRMS) system
from the National Severe Storms Lab (NSSL; Gerard et al., 2021;
Martinaitis et al., 2021; Zhang et al., 2020), which includes data from
the Alamosa gap-filling radar; and 3) a combination of the NLDAS
andMRMS, based on the observational coverage of the Alamosa radar.

Section 2 describes the precipitation forcing data sets in more
detail. Next, section 3 describes the experimental setup, streamflow
simulations, and impact studies of the Alamosa radar data. Finally,
section 4 summarizes the conclusions of this study.

2 Precipitation forcing data sets

2.1 SNOTEL

The Snow Telemetry (SNOTEL) network of stations has been
providing meteorological measurements at high elevation sites across
the western United States since 1977 (Serreze et al., 1999). The network
has since been greatly expanded to over 900 stations, with measurements
including snow water equivalent (SWE), precipitation accumulation, and

temperature at hourly and daily intervals. These stations are typically sited
in montane forest environments below treeline, usually within a small
clearing, so that precipitation measurements are as representative as
possible of the wider area, to minimize typical snowfall errors such as
undercatchment and wind-blown accumulation. They’re also generally
located in watersheds where access is difficult. For this study, SNOTEL
data are used as the reference data set for comparison against the other
forcing data sets. SNOTEL data have their own biases and errors (e.g.,
Meyer et al., 2012; Oyler et al., 2015), but for the sake of this study, it is
assumed to be smaller than from the forcing precipitation data sets.

2.2 NLDAS

The NLDAS provides a suite of products for use in hydrological
simulations. It covers the contiguous United States (CONUS) from 1979 to
the present.We used the .125° x .125° hourly phase 2 NLDAS, down-scaled
to the 1 km grid of the Colorado ESP domain. Terrain adjustment of
temperature based on the spatially varying lapse rate that was constructed
from the operational Rapid Refresh (RAP) assimilation and modelling
system output was applied. Also, terrain adjustment of precipitation based
on the Mountain Mapper technique (Daly et al., 1994; Zhang et al., 2011)
was applied. Additionally, the down-scaled temperature field was bias
corrected using the bias distributions with terrain height constructed from
SNOTEL temperature observations. Figure 2 shows the 2021 annual
precipitation from both NLDAS and SNOTEL over the upper Rio
Grande basin in southern Colorado and far northern New Mexico.
NLDAS had higher precipitation totals for 20 of the 28 SNOTEL
station locations (Figure 3.) The disparity was particularly large over the
San Juan (west side of domain) and Sangre de Cristo (southeast side of
domain) Mountains (Figure 2.) Previous studies (e.g., Bardsley and
Julander, 2005; Rasmussen et al., 2012) have found that SNOTEL
generally undercatches precipitation, particularly snowfall, which may at
least partially account for the higher NLDAS totals.

FIGURE 1
Topography within the water model domain, centered over the San
Luis valley covered by the Alamosa radar, along with locations of radar
and streamflow stations. (The unshaded gray area in the lower right-
hand corner of this and other plots are outside of the water model
domain.).

FIGURE 2
NLDAS 2021 precipitation totals (mm), overlaid with SNOTEL
2021 precipitation totals (filled circles). The boundary of the upper Rio
Grande basin is outlined in red.

Frontiers in Earth Science frontiersin.org02

Grim et al. 10.3389/feart.2022.995424

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.995424


2.3 MRMS

The MRMS system integrates precipitation observed by
~180 operational weather radars over CONUS and southern
Canada into a seamless national three-dimensional mosaic with
1 km horizontal grid spacing and 2-min temporal resolution
(Zhang et al., 2016; Smith et al., 2016.) The radar data are

integrated with other atmospheric data, including those from
satellite, lightning, and rain gauge observations to generate a suite
of precipitation products, including the precipitation accumulation
used in this study. This integration of data from multiple sources
provides more accurate diagnoses of physical processes in the
atmosphere than using radar data alone. Of particular interest to
this study is the fact that MRMS incorporates precipitation data from

FIGURE 3
2021 total precipitation at SNOTEL station locations for all four data sets.

FIGURE 4
Same as Figure 2, except MRMS 2021 precipitation totals are
shaded.

FIGURE 5
Percentage difference between MRMS and NLDAS
2021 precipitation totals.

Frontiers in Earth Science frontiersin.org03

Grim et al. 10.3389/feart.2022.995424

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.995424


the Alamosa gap-filling radar, which became operational in September
2019, providing critical precipitation surveillance to the mountain-
encircled San Luis valley. It operates in the C band (5.35 cm
wavelength), has a range of 230 km, a base sweep angle of .5, a
beam width of 1.65, is located at 37.443°N, 105.867°W at an
elevation of 2,219 m, 75 m above ground level (Michael Carson,
personal communication.) Figure 4 provides the 2021 MRMS
annual total precipitation, compared with the same SNOTEL totals
shown in Figure 2. MRMS has higher precipitation totals than NLDAS
primarily at locations closer to the radar (Figure 5), while it generally
has lesser values further away at the distances of the SNOTEL stations.
Compared to SNOTEL stations, a slight majority (17/28) of
precipitation totals were lower (Figure 3.)

2.4 Combined product

To create a combined product that benefits from the strengths of
both data sets, we first calculated the bias of the NLDAS product vs
SNOTEL, and the MRMS product vs SNOTEL. Then, we took the
difference between the absolute value of their biases to determine
which product was more accurate (Figure 6.) This revealed that
MRMS was generally more accurate at locations closer to the radar
(blue hued dots on Figure 6), while NLDAS was more accurate further
away (red hued dots.) Next, we calculated the radar beam propagation
relative to ground level within the base scan beam width (-0.325-
1.325) The distances at which these various radar angles intersected
the ground are drawn in assorted colors on Figure 6 out to the 230 km
radar maximum range. Since the beam width is defined as “the angle
within which the intensity is not less than one-half the intensity on the

beam axis” (American Meteorological Society 2012), the majority of
the received power is within a narrower range of angles; therefore, we
chose to use a narrower range of angles of .0° and 1.0° as the limits to an
algorithm for interpolating between the NLDAS product (beyond the
radar visibility at 1.0°, dark blue on Figure 6) and the MRMS product
(within the radar visibility at 0°, dark green on Figure 6), and used a bi-

FIGURE 6
Depiction of where a radar beam intersects topography out to
230 km for various scan angles, overlaid with the difference in bias
between MRMS and NLDAS. The edge of the upper Rio Grande basin is
indicated with a thick gray line.

FIGURE 7
Weighting array developed for interpolating between the MRMS
precipitation (interior thick gray line for .0° radar angle) to the NLDAS
precipitation (exterior thick black line for 1.0° radar angle.) The upper Rio
Grande basin is outlined in green, while the Alamosa radar location
is indicated by a small green circle.

FIGURE 8
Same as Figure 2, except the combined precipitation product is
shaded.
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linear interpolation in between; this weighting array is shown in
Figure 7, ranging from -1 (all MRMS) to +1 (all NLDAS.) The
2021 annual precipitation totals for this combined product are
shown in Figure 8, producing overall more accurate precipitation
estimates compared to SNOTEL vs NLDAS (22 of 28), and an equal
number (14 of 28) vs MRMS (Figure 9).

3 Streamflow simulations

3.1 Colorado ESP project and domain

The Colorado ESP project started around 2017 to provide seasonal
streamflow predictions for selected forecast points that are of

FIGURE 9
The absolute value of precipitation percentage biases at each SNOTEL station location.

FIGURE 10
Colorado ESP domain terrain height (shading, m), Rio Grande basin
boundary (thick black line), and USGS and Colorado Division of Water
Resources gauges used as seasonal streamflow forecast points (red dots).

FIGURE 11
Observed and simulated streamflow on the Conejos River near
Mogote, Colorado for 2021. Its location is marked on Figure 12.
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significance to the local and state water resources management. The
forecast points are primarily from the United State Geological Survey
(USGS) and Colorado Division of Water Resources (CDWR) gauge
locations and their contributing basins. Initially there were four gauge
locations, which were expanded to 102 by water year 2021 and to
116 for water year 2022. Starting from water year 2021, lake inflow
seasonal forecasts are also provided for 104 lakes in Colorado.

The Colorado ESP domain is shown in Figure 10. This domain
encompasses nearly the entire state of Colorado and also includes the
northern part of New Mexico, the southern part of Wyoming and the
eastern part of Utah. The 102 forecast points are indicated in Figure 10
as red dots. To improve the snow conditions in the NWM, we also
assimilated the snow data collected by the Airborne SnowObservatory
(ASO) surveys (https://gis.airbornesnowobservatories.com/) that

normally start in February and we launched the ESP runs as soon
as the ASO data became available.

The ensemble ESP runs were constructed as follows. First, the NWM
was calibrated for the Colorado ESP domain. Second, the NLDAS-based
forcing files for 2000–2021were prepared. Third, we conducted long-term
retrospective runs (the analysis) for 2000–2021 using the calibratedNWM
and created the restart files for the subsequent ESP runs. Fourth, we
assimilated the ASO data in the restart files if there were ASO data
available, whereas if there were no ASO data available, we continued the
analysis runwith the prior ASO data for the year assimilated to the time of
the ESP runs. Fifth, we launched the 21-member (i.e., every year during
2000–2020 as a member) ESP runs warm-started by the restart files.
Lastly, the ensemble seasonal streamflow and lake inflow forecast values
including mean, median, 10%, 25%, 75%, and 90% quantiles were

FIGURE 12
Streamflow bias for (A) NLDAS, (B) MRMS, and (C) combined versus the observed streamflow stations (USGS stations using circles, and CDNR using
squares) within the vicinity of the upper Rio Grande basin. The location of the Conejos River near Mogote station depicted in Figure 11 is labelled “Mogote” in
the first panel.
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computed from the run output. For each of the 21 members, everything
was the same except for the forcings, which were from each respective
water year in the 2000–2020 period. For example, for the first (i.e., year
2000) member, the hourly forcing files for April 1—October 1 were the
hourly forcing files for the same time period for 2000.

3.2 Simulations

We ran three sets of hydrological simulations for calendar year 2021,
each one differing only by their input precipitation data set: NLDAS,
MRMS, and the combined product. (The time period of our simulation
and analysis was Jan. 1—Dec. 31, 2021, instead of the 2021 water year
(Oct. 2020—Sept. 2021) due to some radar artifacts from the Alamosa
radar that were not yet resolved until December 2020.) The simulations
were then compared with streamflow from gauge stations operated by the
USGS (6 stations) and CDWR (9 stations). Figure 11 shows the annual
streamflow for an example CDWR gauge station on the Conejos River
near Mogote, Colorado. The modelled streamflow is much lower than
observed until late May, but then reaches comparable peak streamflows
during the snow melt season in early June, before tapering too quickly
during the end of snow melt season; they also remained slightly too high
during the rest of the year. Although the timing of the start of the early
spring snow melt season is off by ~20 days, the net annual streamflow
remains nearly the same. In addition, the timing of rainfall runoff events
during the non-winter season occurs at nearly the same time, indicating
that the models respond accurately to upstream rainfall, even if there is a
delay in the start of the melt season in this basin. The NLDAS
precipitation-forced streamflows, with generally greater upstream
annual precipitation than MRMS (Figure 5), has slightly higher
streamflows, while the combined precipitation-forced product was in
between, as expected.

The NLDAS precipitation-forced streamflow simulations produced
high-biased annual streamflows at eleven of the fifteen stations, including
biases greater than 50% at seven of those stations (Figure 12.) On the other
hand, the MRMS precipitation-forced streamflow simulations produced
low-biased annual streamflows at nine of the stations, all but one of which
were biased more than 50%. The combined precipitation-forced
streamflows were biased high at nine stations, but most of these biases
weremoremodest thanNLDAS,with only four exceeding 50%. Therefore,
it can be concluded that the combined precipitation product produced
modestly-improved overall streamflows at most stations.

Streamflow differences between NLDAS- and MRMS-forced
simulations are the result of how each precipitation data set is created.
During the cold season, when snowpack is increasing, NLDAS generally
produces a greater volume of snow accumulation, especially within radar
blind spots, such as the higher San Juan Mountains west of the San Luis
valley, since the NLDAS product is more strongly influenced by in situ
gauges. In the spring and early summer, this snowpack melts in both
NLDAS- and MRMS-forced simulations, producing similar shaped
seasonal flows, albeit with different magnitudes. On the other hand, the
MRMS precipitation product better captures the finer-scale summertime
precipitation structures within radar-observed portion of the upper Rio
Grande basin, while the NLDAS product does not. Therefore, although the
total volume of precipitation within the upper Rio Grande basin is similar
between the two products, the differences in streamflow at various specific
locations is influenced by the individual precipitation products. The
combined NLDAS-MRMS product endeavors to capture the best of
both products by focusing on locations where each one is most accurate.

4 Conclusion

This study investigated the effect on streamflow by combining
precipitation from the NLDAS and MRMS products, the latter
which includes precipitation from the new Alamosa gap-filling radar
that provides coverage over the mountain-ringed San Luis Valley.
Precipitation from the NLDAS and MRMS data sets were compared
with SNOTEL observations, which indicated that NLDAS precipitation
were generally too high, while a slight majority of MRMS stations were
too low.MRMS precipitation was generally higher closer to the Alamosa
radar, while NLDAS precipitation was generally higher further away.
Therefore, a combined product was created that used MRMS
precipitation in areas best observed by the radar, and NLDAS
further away. This was done through an algorithm that weighted the
precipitation based on where the upper and lower portions of the base
scan radar beam intersected the terrain, with a weighting between the
products in between.

Each of these precipitation products: NLDAS, MRMS, and combined
were then used as precipitation forcing for three separate hydrological
simulations during the entire year 2021. The NLDAS precipitation-forced
streamflow simulations produced high-biased annual streamflows atmost
stations, including biases greater than 50% at nearly half of the stations.
On the other hand, the MRMS precipitation-forced streamflow
simulations produced low-biased annual streamflows at a slight
majority of stations, all but one of which were biased more than 50%.
The combined precipitation-forced streamflows showed modest overall
improvement, being biased high at nine stations, although most of these
biases were more modest than NLDAS, with only four exceeding 50%
producing modestly-improved overall streamflows at most stations.
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