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Figure 4.8. Depth and cloud proportion of the large plate ice crystal growth layer for (a,c)
low and (b,d) high DD for SLR.

Figure 4.9. (a) Depth and (b) cloud proportion of the column ice crystal growth layer for
SLR.
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example, a 10:1 SLR within the needle ice crystal growth layer has 68 total events with a
standard deviation of 241 m. Except for a few ice crystal growth layers, there is little
differentiation, or slope, in the depth of the layer between the SLR categories. This is not
surprising given that the possible range in depth for a given temperature layer has little
ability to vary based on the confines of naturally observed lapse rates. With a few
exceptions, most lapse rates will fall between the dry adiabatic and moist adiabatic lapse
rate, meaning that a small variation of temperature in the vertical provides little
variability in depth of the layer. However, there are a few instances where a lapse rate
may become subadiabatic due to rapid vertical lift and high moisture content. Inversions
due to advection of warm air into a crystal growth layer or rapid surface cooling may also
increase the depth of crystal growth layers. Both features allow for the possibility that
larger crystal growth layers may show a great enough variation in depth to differentiate
between SLR categories.

The depth of the warm layer exhibited no clear trend in the depth-to-SLR
relationship (Figure 4.2a,b). However, the presence of only 12% of total events
containing this layer (Table 4.4) highlights that warm layers are often absent in
orographic snowstorms, even within those containing a higher moisture content like the
ones presented in this study. The high DD threshold was able to capture most of the
events, with >90% of events represented within the hollow column, stellar plate, dendritic
and large plate growth layers, thus highlighting that clouds with greater than
approximately 65% relative humidity will tend to produce ice crystals within these layers.
This can be attributed to the excess vapor pressure over ice with respect to water within

these temperature regimes. The percentage of events captured using the low DD was less
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Table 4.4. Number and percentage of events for the low and high DD thresholds by ice
crystal type.

# of Events % of Events
LowDD HighDD LowDD HighDD

Warm 36 36 12 12

q:{ Thick Plates 128 164 42 54
E Needles 216 247 71 81
g Hollow Columns 254 292 83 95
% Stellar Plates 256 295 84 96
& Dendrites 205 298 67 97
3 Large Plates 112 287 37 94
Columns 0 266 0 87

than that of the high DD, although events containing the needle, hollow column, stellar
plate, and dendritic growth layer were still represented in >67% of the events with

measured snowfall.

The depth of the needle crystal growth layer, which is the densest ice crystal upon
accumulation on the ground surface, shows a rapidly decreasing slope of
approximately -10 m for each integer increase in SLR for both the low and high DD
thresholds (Figure 4.4a,b). Although the R? is low for this analysis, it highlights that the
SLR will tend to be lower with a greater cloud depth within this temperature range.
Given that the temperature range for this ice crystal is between -3 °C and -6 °C, riming
may also be increasing the density of the falling snow, and thus decreasing the SLR. A
similar decrease in slope is present within the hollow column growth layer (Figure 4.5)
with a R% value close to 0.1. Given that hollow column growth layer is also warmer

than -10 °C, the same conclusions can be made as the needle growth layer. Within the
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depth analysis, the needle and hollow column had the largest magnitude of slope and
highest R? values, which could indicate the importance of these two layers in downward
trending SLR with increasing depth due to both riming and the formation ice crystals that

compact tightly upon accumulation at the ground surface.

Depth analysis of the warm and cold mixed phase ice crystal growth layer
(Figures 4.10a,b and 4.11a,b) provides a larger range of possible depths for analysis due
to a higher variation in lapse rates for the larger layers. The same trend of increasing
depth for decreasing SLR can be seen in both the low and high DD thresholds for the
warm mixed phase layer (Figure 4.10a,b). The slope of the regression for the warm

mixed phase layer shows an approximately 31 m decrease for every integer increase in
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Figure 4.10. Depth and cloud proportion of the warm mixed phase ice crystal growth
layer for (a,c) low and (b,d) high DD for SLR.
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Figure 4.11. Depth and cloud proportion of the cold mixed phase ice crystal growth layer
for (a,c) low and (b,d) high DD for SLR.

SLR for both the low DD and high DD thresholds. This indicates that the presence of
thick plates, needles, hollow columns and a possible warm layer will tend to decrease the
SLR with increasing depth. Given that this layer is warmer than -10 °C, there is also a
higher likelihood that rimming will occur and lower the SLR as well. Within the cold
mixed phase layer there is an increasing slope of the regression within the low DD
threshold and close to no change for the high DD threshold (Figure 4.11a,b). Within the
low DD threshold, the increasing depth of the cold mixed phase layer with increasing
SLR indicates that the presence of less dense ice crystals, when accumulated on the
ground, will tend to increase the SLR. However, the poor fit to the regression indicates

that this trend is poorly resolved and will require further investigation.
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Perhaps a more useful tool in differentiating SLR using the presence of ice crystal
growth layers is the proportion of total cloud represented in each ice crystal growth layer
since the variability in depth is highly regulated by lapse rates that can only vary by so
much. Investigation of the cloud proportion for both the needles and hollow column
growth layers shows the same decreasing slope in the regression (Figure 4.4a,b & 4.5a,b),
similarly highlighting that the presence of these growth layers will tend to decrease the
SLR due to higher likelihood of riming and dense ice crystals. Although the regression
for the dendritic growth layer showed little change in the depth analysis (Figure 4.7a,b),
the slope of the regression for cloud proportion shows an increase (Figure 4.7¢) for the
low DD threshold. This indicates that a higher proportion of the cloud within the layer
responsible for the least dense ice crystals upon accumulation at the surface will tend to
increase the SLR of the snowfall. Although the slope of the regression is lower in

magnitude for the high DD, the same relationship is present (Figure 4.6d).

The large plate growth layer exhibits the same trend in increasing SLR for
increasing cloud proportion (Figure 4.8c,d), thus indicating the presence of a large
proportion of this cloud layer will tend to increase the SLR. This regression also has the
largest R? value for the cloud proportion regression analysis (Figure 4.8c) despite a lower
number of events containing this layer. Similar differentiation in cloud proportion is also
apparent within the column growth layer (Figure 4.9b). Given that columns tend to be
dense upon settling at the surface, the high proportion of the cloud within this layer for
light SLR may seem contradictory. However, given the very low moisture content this
high in the atmosphere, columns formed are likely lighter and less exposed to possible

riming than columns that form within the hollow column growth layer lower in the
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atmosphere, despite being hollow. Additionally, the proportion of cloud will be higher
for larger SLR’s within the column growth layer because the depth of the cloud tends to

be lower for higher SLR events (Figure 4.12a,b).

The proportion of cloud for the warm and cold mixed phase layers
(Figures 4.10c,d and 4.11c,d) shows the same relationship as the depth analysis
(Figures 4.10a,b and 4.11a,b). This once again highlights that the presence of a large
cloud proportion within the warm mixed phase layer, which contains dense ice crystals
and a higher likelihood of rimming, will tend to decrease the SLR. The reverse trend is
true for the cold mixed phase layer, with a higher cloud proportion within this layer
tending to increase the SLR. By separating the moisture content of the cloud between the
low and high DD thresholds there is clear increase in the cloud proportion for low SLRs
within the warm mixed phase layer (Figure 4.10d,c). This may highlight the importance

of using moisture as a threshold for determining SLR.
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Figure 4.12. Total cloud depth for (a) low and (b) high DD for SLR.
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CHAPTER 5: SUMMARY AND CONCLUSIONS

There were two primary goals to this study, to investigate tends in SWE metrics
over time throughout the southern Rocky Mountains and to study relationships between
crystal growth layers and SLR. The study area showed statistically significant negative
r-values throughout many of the mountain ranges for snowpack season metrics and SWE
metrics. These decreases show a continued decline in snowpack as seen in previous
studies conducted by Clow (2009), Mote et al. (2004), and McCabe and Dettinger (2002).
Additionally, statistically significant positive r-values in both the number of warm days
and percentage of warm days were observed. The increase in these two temperature
metrics have likely resulted in the increased ablation throughout the study area. However,
implied increases in temperature and early snowpack conditioning for melt have not
resulted in changes in the length of the ablation season apart from the Front and Park
Ranges. The combination of an earlier date of max SWE and increases in gross SWE for
both of these mountain ranges has likely lengthened the ablation season due to snowfall
onto the snowpack that is ablating, thus extending the total length of the ablation season.
The Central Range, San Juan, Sangre de Cristo, and Nacimiento Mountains, showed the
largest percentage of stations measuring a decrease in the length of the accumulation
season and an earlier date of max SWE. The Nacimiento Mountains showed the highest
percentage of stations measuring decreases in all metrics other than the length of the
ablation season, the number of warm days, and percentage of warm days. In general,
SWE and snowpack season metric declines are more attributable to increased

temperatures in the northern mountain ranges, and a function of both increasing
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temperature and decreasing snowfall in the southern ranges. The decrease in snowfall in
the southern mountain ranges is consistent with the study conducted by Hamlet et al.
2015. However, results from this study indicate increased ablation across the study area,
highlighting the importance and attribution of increased temperature on declining
snowpack. If declining trends were to continue, the availability of water late into the
summer from snowmelt would likely decrease, especially within the southern areas of the

study region which were measuring a higher proportion of stations with a declining trend.

Variability in SWE metrics and snowpack season metrics were high throughout
the region. For example, the standard deviation in max SWE is as high as 21 cm and
27 cm for the Front and Park Ranges respectively. This is function of both the
elevational differences between SNOTEL stations and the variability in total snowfall
from year to year. Although there is a decreasing trend in max SWE throughout the
study area, high year-to-year variability in SWE is likely to continue. A study conducted
by Clow (2009) concluded that the duration of the ablation season has decreased
throughout the western United States (Clow 2009). Results found in this study indicate
that SNOTEL stations in the southern Rockies have yet to see this trend with only 5% of
stations registering a statistically significant decrease in the length of the ablation season.
This could be a function of station elevation, with the southern Rockies, particularly
those within Colorado, having the highest elevation within the conterminous United
Stations. High elevation allows for colder nocturnal temperatures in comparison to lower
elevations, allowing snowpack to refreeze overnight during the ablation season, which
decreases the speed at which snowpack can ablate. However, with an increase in the

number and percentage of warm days, continual rise in temperature may cause a decrease
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in the length of the ablation season if temperatures continue to increase from climate
change as they are forecast to over the next century. However, this trend, at least for
now, is not measured in the Front and Park Ranges due to increases in gross SWE and an
earlier date of max SWE as discussed earlier. Increasing temperatures could also result
in an increase in SWE or precipitation within the southern Rocky Mountains due to a
higher moisture capacity within the air. Higher moisture content could therefore result in
more intense cold season precipitation events, which could act to increase SWE if higher
magnitude of precipitation were to offset increased losses to ablation. Regardless,
changes in temperature and precipitation within the cold season of the southern Rocky

Mountains will have an impact on the water resources within the region.

Building on the findings from this study, future work should focus on better
methods of data gathering to provide a finer resolution of the atmospheric profile and
better measurements for SLR and ice crystal type. This could be accomplished using
soundings launched within mountainous terrain and using both SNOTEL stations and
human observations of SWE and snow depth from the launch site. Continuous
observation would still be required to eliminate the possibility of snow compaction.
Cataloguing of ice crystals at the surface, or in cloud, would also aid in determination of
ice crystal growth zones within orographic snowstorms. Expansion of this study could
also be conducted using snowstorms with a lower requirement for SWE. Using the
5.08 cm threshold for 24-hour SWE accumulation likely skewed the results of this study
towards lower SLRs. Reducing this threshold would likely yield results similar to the
climatology presented by Baxter et al. 2005. Additionally, future work on the snowpack

climatology will need to measure the magnitude of the temperature increase rather than
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analyzing the number of days with a maximum temperature greater than 0 °C. Although
the increase of the number and percentage of warm days was most pronounced in the
Front and Park Ranges, days with only a few hours warmer than 0 °C will likely have
little impact on the snowpack temperature structure. As a result, the magnitude of
temperature, as well as the number of hours above 0 °C should be accounted for in future

work.

SLR analysis relied on the assumption that the RAP model output correctly
represented the atmosphere at the time of the analysis and that the SNOTEL station was
correctly measuring the SWE and snowfall accumulation. Of course, numerical weather
prediction is not always accurate, and the measurement and rounding errors of the
SNOTEL stations may combine to misrepresent the true nature of the events. Since the
snow accumulation is measured with a precision of 1.27 cm but reported to the nearest
2.54 cm, the results of the SLR analysis are likely inaccurate. Additionally, by using the
SNOTEL network to infer SLR, snowpack compaction underneath the newly
accumulated snow likely caused a disproportionately high number of low SLRs as

compared to those measured in the SLR climatology by Baxter et al. 2005.

The assumption that ice crystal growth within each crystal growth layer is
represented by only one crystal type is likely erroneous as well. However, results from
this study allow one to infer that a high percentage of events that contained the dense
needle and thick plate growth layers resulted in a lower SLR. Additionally, events were
more likely to have average or light SLR’s with the presence of the dendritic and large
plate growth layers. These distinctions were more pronounced when using the low DD

threshold compared to the high DD threshold, which could indicate the utility in
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