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Abstract. During 9—16 September 2013, the Front Range re-
gion of Colorado experienced heavy rainfall that resulted in
severe flooding. Precipitation totals for the event exceeded
450 mm, damages to public and private properties were esti-
mated to be over USD 2 billion, and nine lives were lost. This
study analyzes the characteristics of precipitable water (PW)
surrounding the event using 10 years of high-resolution GPS
PW data in Boulder, Colorado, which was located within
the region of maximum rainfall. PW in Boulder is domi-
nated by seasonal variability with an average summertime
maximum of 36 mm. In 2013, the seasonal PW maximum
extended into early September and the September monthly
mean PW exceeded the 99th percentile of climatology with
a value 25 % higher than the 40-year climatology. Prior to
the flood, around 18:00 UTC on 8 September, PW rapidly
increased from 22 to 32 mm and remained around 30 mm
for the entire event as a result of the nearly saturated at-
mosphere. The frequency distribution of September PW for
Boulder is typically normal, but in 2013 the distribution was
bimodal due to a combination of above-average PW values
from 1 to 15 September and much drier conditions from 16 to
30 September. The above-normal, near-saturation PW values
during the flood were the result of large-scale moisture trans-
port into Colorado from the Tropical Eastern Pacific and the
Gulf of Mexico. This moisture transport was the product of
a stagnating cutoff low over the southwestern United States
working in conjunction with an anticyclone located over the
southeastern United States. A blocking ridge located over the
Canadian Rocky Mountains kept both of the synoptic fea-

tures in place over the course of several days, which helped
to provide continuous moisture to the storm, thus enhancing
the accumulated precipitation totals.

1 Introduction

During 9-16 September 2013, multiple local and state pre-
cipitation records were broken when low-level easterly flow
interacted with an anomalous moisture pool over the Front
Range region of Colorado to produce one of the largest
floods in state history (Colorado Climate Center, 2013). The
heaviest and most persistent rainfall occurred on 11 and
12 September, with a maximum centered over Boulder and
Larimer counties (Fig. 1). In the hardest hit areas, total pre-
cipitation accumulation exceeded 450 mm (17.7 in) (Gochis
et al., 2015). The city of Boulder set multiple records, ob-
serving 292.6 mm over the course of 2 days and 341.8 mm
over the course of 3 days. The resultant flooding claimed
nine lives and caused 1100 documented landslides. Damages
to public and private properties were estimated to be over
USD 2 billion (Gochis et al., 2015).

The following summary of the September 2013 event was
first presented in Gochis et al. (2015). Surface temperatures
were in the 16—18 °C (60-64 °F) range and precipitable wa-
ter (PW) values were high. Periods of heavy precipitation
exceeding 25 mm (1 in.) per hour, along with flooding, be-
gan on the evening of 11 September, with the heaviest por-
tions over the Front Range, the area outlined in Fig. 1. The
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Figure 1. (a) Map of accumulated precipitation over Colorado from 8 to 15 September 2013 (image courtesy of the Colorado Climate
Center); (b) the locations of the primary GPS (blue circles), rain gauge (green circle), and radiosonde (red circle) observations used in this
study. NISU and NIST are the only IGS GPS stations plotted on this map. All of the other GPS stations are from the SuomiNet network.

mountainous region between Boulder and Estes Park experi-
enced the heaviest rain rates, which ranged from 25 to 50 mm
(1-21in) per hour and resulted in an overnight total exceed-
ing 200 mm (8 in). Somewhat lighter rainfall continued into
12 September, becoming intense once more during the af-
ternoon hours and increasing rainfall totals to over 380 mm
(151n) in the Boulder to Estes Park region. By 13 September,
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precipitation had finally lessened to intermittent showers and
widespread drizzle, finally clearing on 14 September. A final
surge of moisture occurred on the 15th and resulted in 25—
50 mm (1-2 in) of widespread, moderate rainfall on soils that
were already saturated, thus increasing the amount of runoff.

This event was uncharacteristic, not only because of its
rainfall amounts but also because of the time of year in which
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Table 1. A comparison of the September 2013 event to previous heavy, flood-inducing precipitation events in northern Colorado history. All

monetary values were calibrated to 2013 values.

Date Location most affected Total rainfall  Deaths Cost

(mm [in]) (USD)
1-12 September 1938 Fort Collins 203-254 [8-10] 6 7.5 million
4—9 May 1969 West of Denver 152-229 [6-9] 0  136.5million
31 July-1 August 1976  Estes Park 305-356 [12-14] 144 348.5 million
27 July—4 August 1997  Fort Collins 368 [14.5] 5 290 million
29-30 April 1999 Northern Colorado 203-254 [8-10] 0 140 million
9-16 September 2013 Boulder 406 [16] 8 2 billion

it occurred. Petersen et al. (1999) examined the climatology
of precipitation events over the Front Range region and found
that, while a majority of events occur between April and Oc-
tober, the convective classification of the events differs de-
pending on what time of year the convection occurs in. There
are two peaks in the event distribution, the first of which oc-
curs in late May to early June. Precipitation events during this
time are synoptic-, or large-, scale and quasistationary. The
precipitation in these events is enhanced orographically and
locally and is typically widespread and of moderate intensity.
The second peak in precipitation events occurs from late July
into early September with a pronounced maximum frequency
from late July into early August. The storms in these events
generally have a small areal extent and are highly convective.
The September 2013 event was quasistationary and synoptic
with precipitation controlled by localized and orographic en-
hancements. The areal extent of the 2013 event was large and
the rainfall was of moderate intensity. According to the cli-
matology completed by Petersen et al. (1999), this type of
event was more typical of storms which occur in late May
to early June. However, this event occurred at a time of year
when precipitation tends to be highly convective and of small
areal extent, so the timing, as well as the amount of rainfall,
was abnormal.

In another study which examined the climatology of rain-
fall events in Colorado, Mahoney et al. (2015) found that
the region of Colorado east of the Continental Divide does
not generally experience heavy precipitation events in the
fall because it is during this time of year that the region ex-
periences seasonal atmospheric drying. They did note that
there was enhanced climatological variability in September
and October, making it difficult to place these months into
the same category as the drier months (November—February).
In general, east of the Continental Divide experiences most
of its precipitation in the spring and summer months, with
the Front Range receiving a majority of its moisture in the
spring. However, extreme precipitation events are not limited
to these seasons and can also occur in fall and winter months.

Flooding due to extreme precipitation events can occur at
any time of the year because all elevations in all seasons
are prone to experiencing heavy precipitation. This is par-
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tially represented by the dates in Table 1, which compares
the September 2013 event to previous heavy precipitation
events in northern Colorado history that resulted in catas-
trophic flooding (Colorado Climate Center, 2013; Maddox
et al., 1977, Petersen et al., 1999; Gochis et al., 2015). Prior
to the September 2013 event, there were five events on record
that were classified as comparable to the 2013 event by the
Colorado Climate Center. However, all except one of these
storms took place in the spring and summer months, as would
be expected from the climatology of the rainfall events pre-
sented in earlier.

Out of the events listed in Table 1, the Colorado Climate
Center noted that the event that occurred on 1-12 Septem-
ber 1938 near Fort Collins, Colorado, was the most similar
in timing and magnitude to the September 2013 event. Ob-
servers recorded 203-254 mm (8-10in) of rainfall and the
surrounding region experienced severe flooding. However,
there is not much else known about this event because the
amount of recorded atmospheric data available from this time
period is limited. Comparing the September 2013 event to the
five previous events in Table 1, this event had the highest total
rainfall and caused the most damage, as is seen by the total
cost of the event. This event also had a vast areal coverage,
with heavy precipitation occurring from Denver all the way
into southern Wyoming. Flooding took place as far to the
east as Nebraska and caused a lot of damage to infrastructure
along the Front Range of Colorado.

The amount of precipitation that fell during the Septem-
ber 2013 event required a large amount of moisture at a time
of year when atmospheric moisture climatologically begins
to decrease from higher summer values to lower winter val-
ues (Mahoney et al., 2015). This uncharacteristic increase in
moisture implies moisture was transported into the region.
When moisture converges at the surface, it is transported to
higher levels assuming there is sufficient atmospheric insta-
bility, which is usually greater over orography (Graham et
al., 2012). The interaction of low-level moisture with orogra-
phy results in convection and the production of precipitation
(Guerova et al., 2016). Adams et al. (2013) found that water
vapor convergence, which results in heavy precipitation gen-
erally occurs approximately an hour prior to the event. They
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also found that the stronger the convergence is, the more in-
tense the precipitation. Sapucci et al. (2016) found that after
PW peaked, rainfall began and PW decreased.

Such characteristics are important to understand because
they could influence future weather and climate trends.
Kunkel et al. (2013) found an increasing trend in atmospheric
PW quantities associated with extreme precipitation events
and suggested this trend could lead to an increase in storm in-
tensity. While Hoerling et al. (2014) noted that the September
2013 event was probably not connected to climate change,
they did find that heavy precipitation events are becoming
more frequent and Karl and Trenberth (2003) found evidence
that the number of heavy precipitation events is expected to
increase with increasing global temperatures, such as we are
experiencing now. The observed and projected increase in
the number of heavy precipitation events, combined with the
uncertainty of how PW contributes to characteristics of these
events, motivated an investigation of PW characteristics sur-
rounding the 2013 event so as to better understand the con-
tributions of PW to an extreme precipitation event with the
objective to someday apply these results to future research
incorporating a wider variety of events.

As the aim of this research was to examine the characteris-
tics of atmospheric PW during the 2013 Colorado flood, data
with a high spatial and temporal resolution were needed to re-
solve features within the event. GPS receivers are much more
densely spaced with a total of 236 stations over North Amer-
ica than the radiosonde network, which has a total of 92 sta-
tions. The higher density of observations in the GPS network
results in a higher spatial resolution with which to analyze
storm features and water vapor transport. GPS data also have
a much higher temporal resolution of anywhere from 30 min
to 2 h, as compared to the standard, twice-daily launching of
radiosondes.

The primary goal of this research was to investigate the
magnitude and characteristics of PW over the Front Range
region associated with the September 2013 event. The goal
of this study was to answer the following scientific questions.

1. What were the characteristics of PW surrounding this
event? This portion of research was focused on the ex-
amination of the temporal variability of PW, as well as a
comparison with climatology, before, during, and after
the event.

2. Where did the moisture for the 2013 event originate?
To answer this question, synoptic-scale dynamics and
pre-existing conditions that led to large-scale, continu-
ous moisture transport were evaluated.
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2 Data and methodology
2.1 Precipitable water datasets

Two datasets were used to analyze PW characteristics sur-
rounding the 2013 event. The first of these was a 2-hourly,
long-term (1995-2015) PW dataset (Wang et al., 2007;
Mears et al., 2015, 2017). The PW in this dataset is derived
using 5 min International Global Navigation Satellite System
(GNSS) Service (IGS) zenith total delay (ZTD) data. The
analysis technique for the interpolation and conversion of
ZTD to PW is summarized in Wang et al. (2007) and two key
variables used in the conversion are water-vapor-weighted at-
mospheric temperature (7r,) and surface pressure (Ps). ZTD
is represented as the sum of the zenith hydrostatic delay,
which is a function of P, and the zenith wet delay, which is
a function of PW and T},,. The 2-hourly PW data from Boul-
der became available starting in 2004. In this study, IGS data
were used for analysis only in Sect. 3.

The second PW dataset used in Sects. 3 and 4 of this
study was the 30 min SuomiNet dataset from the Constel-
lation Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) group (Ware et al., 2000). The SuomiNet
network currently consists of over 200 sites located around
North America and the data are processed in near-real time
from raw GPS data, the values of which do not differ greatly
from post-processed GPS data. For Sect. 4 of this research,
the standardized anomalies of the SuomiNet data were cal-
culated by subtracting PW at each time step from the mean
and dividing this by the standard deviation (Grumm and Hart,
2001). The standardized anomaly data were gridded and in-
terpolated using a general kriging method to a grid box of
0.5° x0.5°. Kriging is defined as optimized interpolation that
is weighted by spatial covariance values and based on re-
gression against observed values of surrounding data points
(Bohling, 2005). This method was chosen because of its sim-
plicity and superior performance when compared with the
inverse distance weighting (IDW) method (Zimmerman et
al., 1999; Yasrebi et al., 2009).

2.2 Formulation of a GPS PW Climatological Dataset

PW data for Boulder, Colorado, were chosen to evaluate the
PW variability of this region over the course of 10 years and
compare this variability with that of 2013 to improve the un-
derstanding of how the September 2013 event differed from
climatology. This region encompasses six SuomiNet stations
and two IGS stations (Fig. 1b and Table 2). To examine the
anomalous nature of the flood, a dataset with a length of at
least 10 years of observations was needed as a climatological
standard for the analyzed region. While 10 years is not long
enough for a standard climatology of 30 years as defined by
the World Meteorological Organization (WMO), GPS PW
data for Boulder have only been available since 2004. The
PW time series of each GPS station was initially examined

www.atmos-meas-tech.net/10/4055/2017/



H. K. Huelsing et al.: PW characteristics during the Colorado flood

Table 2. The geographic and topographic information of the pri-
mary GPS, rain gauge, and radiosonde stations used in this study.

Station name Latitude Longitude Altitude Type of
°N) (°W) (m) station

72469 39.77 —104.87 1625 Radiosonde

DSRC 39.99 —105.26 1669 GPS

NISU/NIST 39.99 —105.26 1649 GPS

P041 39.95 —105.19 1743 GPS

SA00 40.04 —105.24 1623 GPS

SA67 40.04 —105.24 1623 GPS

UDFCD_4840 39.97 —105.22 1646 Rain gauge

to determine which, if any, station had a long enough data
record to serve as the climatological standard and also to
check for data outliers and data continuity. No stations were
found to have more than 7 years of data and datasets that con-
tained discontinuities were discarded. A major issue that ap-
peared during this analysis was that only one SuomiNet and
one IGS station had data observations during the September
2013 event, and neither of them had a lengthy dataset. A de-
cision was made to combine the data from different stations
in the region and make a 10-year dataset that included obser-
vations from the flood.

The GPS PW data used to create the 10-year dataset were
first quality-controlled by using several methods defined in
Wang et al. (2007). The first method used was the range test
in which the lower and upper limits of PW values were set
as 0 and 150 mm, respectively. The second quality-control
method used involved using the mean and standard devia-
tion for each month to detect any outliers. This method re-
quired that at least one-quarter of the data be present in or-
der to have an adequate amount of observations so that the
statistical aspects could be deemed accurate. Individual PW
values within each month were analyzed and any values that
were more than 4 standard deviations away from the monthly
mean were discarded (Wang et al., 2007). The quality control
removed 0.1 % of the total data points for the station SA00
and less than 0.1 % of the total data points for the rest of the
stations.

The next step in the creation of the 10-year dataset was to
compare PW data among the stations. PW is strongly depen-
dent on elevation so any station that had an elevation above
1800 m was eliminated because these receivers were located
too far above the elevation of Boulder (1655 m). To remain
consistent, the remaining stations were compared to the sta-
tion with the longest dataset and elevation closest to that of
Boulder (DSRC). Five stations were chosen for the merged
10-year PW dataset (Fig. 2) because their averaged PW dif-
ferences were not statistically significant from one another
and the elevation differences between all stations were less
than 50 m. A more thorough analysis of the complete dataset
and its comparison with 2013 is described in Sect. 3. The
SuomiNet station, P041, also passed the statistical signifi-
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Figure 2. A time series of the GPS PW data for Boulder, Colorado,

from 2004 to 2013 with each station denoted by a different color,

the monthly means denoted by the solid black line, and &1 standard

deviation denoted by the horizontal black dashed lines. September

of each year is represented by the vertical black lines.

cance test but did not have a complete record of data for 2013
so could not be included in the 10-year dataset. Instead, the
2013 PW data from P041 were used to analyze small-scale
variability leading up to, and during, the flood period because
it has a higher temporal resolution (30 min) than NIST (2-
hourly), which was chosen for the 10-year dataset.

2.3 Additional datasets

The data used as a long-term PW climatology dataset
were twice-daily radiosonde data from the Stapleton air-
port in Denver, Colorado, extracted from the homogenized
radiosonde dataset created by Dai et al. (2011). This PW
dataset was created by integrating specific humidity from the
surface to 100hPa, is available from 1979 to 2013, and was
homogenized using an advanced statistical approach that is
more thoroughly described in Dai et al. (2011).

The primary dataset used to evaluate moisture trans-
port was the North American Regional Reanalysis (NARR)
dataset, which is available from 1979 to the present
(Mesinger et al., 2006). The domain for NARR is North
America and the horizontal resolution is 32 km with 45 verti-
cal layers. The NARR variables chosen for the evaluation of
moisture transport surrounding the event were the 500 hPa
geopotential height and the vertically integrated moisture
flux.

3 Precipitable water characteristics

Gochis et al. (2015) noted that the atmosphere over north-
ern Colorado was abnormally moist from 9 to 16 September.
Radiosondes captured PW values above 30 mm, an abnor-
mal value for a semiarid climate. Gochis et al. (2015) also
noted that the raindrop distribution during the event consisted
of numerous small raindrops, which is more commonly ob-
served in a tropical climate. To better understand how ab-
normal the atmospheric moisture was during this event, the
magnitude, distributions, and variability of PW over Boulder
were evaluated and compared to climatology.

Atmos. Meas. Tech., 10, 4055-4066, 2017
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3.1 Temporal variability of precipitable water

First, the temporal characteristics of September of 2013 were
compared with the 10-year GPS PW dataset described in
Sect. 2.2. Figure 2 shows the time series of the merged 10-
year PW dataset discussed in Sect. 2. The strongest PW vari-
ation is seasonal with a mean seasonality of 18 mm and the
summer peaks are coincident with the annual occurrence of
the wet season in Colorado. Also note that the belted appear-
ance of this time series represents synoptic and diurnal PW
variability, the latter of which has an average magnitude of
8 mm. The maximum value of PW for 2013 was 33.5 mm on
12 September. Note the extension of high PW values from
the summer months into early September 2013. This exten-
sion is not observed in any of the other years contained in this
dataset and is an indication that the atmosphere was anoma-
lously moist for the time of year in which the flood occurred.

Figure 3 zooms in on the extension of high PW values
observed in September 2013, giving a clearer view of the
temporal variability of PW and precipitation surrounding the
flood event. The high PW values up until 5 September rep-
resent moisture associated with the end of the North Amer-
ican Monsoon. These high values begin to decrease around
6 September before quickly rising on 9 into 10 September,
with values spiking to above 30 mm. PW decreases slightly
to 26 mm until 11 September, when it once again increases
to above 30 mm where it remains until 13 September. After
this, PW decreases to values closer to the September clima-
tological average of 15 mm.

PW peaks approximately 1 h before rainfall begins, which
is consistent with the findings of Adams et al. (2013) and
Sapucci et al. (2016), both of which found that PW peaks
between 32 and 64 min prior to the start of rainfall. The de-
crease of PW after the peak is associated with the condensa-
tion of PW as it makes the transition into precipitation (Van
Baelen et al., 2011). Another point to take note of is precip-
itation begins after PW rises between 2 and 3 standard devi-
ations above the PW long-term median, which was found in
Foster et al. (2003).

PW values stay relatively constant during the event despite
the fact that continuous, and sometimes heavy, precipitation
is occurring. For PW to remain at high values over multiple
days, as was seen here, moisture needed to be continuously
transported into the region (Gimeno et al., 2012). Had there
not been a constant transport of moisture, PW would have
decreased as atmospheric moisture condensed and formed
precipitation. The examination of the moisture transport that
fueled this event is presented in Sect. 4.

3.2 Precipitable water abnormality during the 2013
flood

The consistently high values of PW during the time of heavi-

est precipitation in Fig. 3 led to an investigation to discern
whether the atmosphere over Boulder was fully saturated
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September 1-28, 2013 GPS PW vs. precipitation
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Figure 3. A time series of 30 min (station P041) and 2-hourly (sta-
tion NIST) GPS PW compared with precipitation (rain gauge UD-
FCD4840) from 1 to 28 September 2013. The inserted graph com-
pares the same variables from 9 to 14 September 2013 with the ad-
dition of green, blue, and red horizontal dashed lines indicating 1,
2, and 3 standard deviations above the PW long-term median, re-
spectively.

during the September 2013 event. To evaluate this, observed
radiosonde PW data were compared with PW values that
were calculated assuming a fully saturated atmosphere, i.e.,
100 % relative humidity from the surface up to 300 hPa. Note
that a fully saturated atmosphere is an unrealistic assumption
for a real atmosphere but can be used for simplified compar-
ison. Figure 4 shows the comparison between these two vari-
ables from 6 to 20 September 2013. Starting on 10 September
observed and fully saturated PW values were within 5 mm of
each other, indicating an atmosphere that was very near to
saturation during the course of the September 2013 event.
Except for a period of time on 14 September when the atmo-
sphere began to dry, observed PW stayed relatively close in
value to the fully saturated PW until 16 September.

Figure 5 compares monthly-averaged 2013 radiosonde
data and GPS data to 40 and 10 years of monthly-averaged
radiosonde and GPS data, respectively. 2013 PW monthly
averages were consistently lower than climatology until July
while the Front Range was still under drought conditions

www.atmos-meas-tech.net/10/4055/2017/
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Figure 4. A time series comparison of observed radiosonde PW
(black line) and saturated PW (green line) for 1-28 September 2013
over Denver, Colorado.
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Figure 5. Monthly-averaged GPS PW (solid black line) and ra-
diosonde data (dashed black line) for 2013 with the 10-year merged
GPS PW dataset (solid red line) and the 40-year averaged ra-
diosonde PW dataset (solid blue line). Additionally, there are the
95th (dashed red line) and 99th (dotted red line) percentiles for
10 years of GPS data and the 95th (dashed blue line) and 99th (dot-
ted blue line) percentiles for 40 years of radiosonde data.

according to the National Climatic Data Center (NCDC)
North American Drought Monitor. The monthly average for
September of 2013 was around 20 mm, approximately 25 %
higher than the long-term climatological monthly average for
September. Also note that the monthly average for September
of 2013 is above the 95th and 99th percentiles, which were
calculated from 40 years of monthly-averaged radiosonde
data. McKee and Doesken (1997) evaluated upper air data
for extreme precipitation events for Colorado between 1958
and 1992 and found that PW from vertical soundings never
exceeded the 95th percentile. That the monthly-averaged PW
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Figure 6. Statistical frequency distributions of GPS PW for June—
September of 2004-2013 with the 95th percentile for 10 years of
each month of data denoted by the left-most dashed line and the
99th percentile for 10 years of each month of data denoted by the
right-most dashed line.

for September of 2013 exceeded the 99th percentile when
compared to 40 years of data shows just how anomalous the
event was in terms of PW magnitude and timing.

Another tool used to evaluate how anomalous the 2013
event was in terms of PW was to examine the PW frequency
distributions. Foster et al. (2006) examined the monthly and
annual frequency distributions of PW data for various sta-
tions and found that there were three main types of distri-
butions for PW data: lognormal, which is the most common
distribution around the world; reverse-lognormal, which rep-
resents an atmosphere near saturation; and bimodal, which
occurs in regions with strong seasonal variability such as
monsoonal zones.

To analyze PW frequency for this event, monthly distri-
butions were created for June through September of 2004—
2013 (Fig. 6). The skewness of each distribution was then
calculated and these values, along with visual analysis, were
used to determine whether each distribution was normal, log-
normal, reverse-lognormal, or bimodal. Bulmer (1979) pro-
vided guidelines for interpreting the skewness of a distribu-
tion that were employed when evaluating the distributions in
this study. A normal distribution has a skewness from —0.5
to 0.5, while a positive (negative) skewness with its abso-
lute values within 0.5 to 1 represents a lognormal (reverse-
lognormal) distribution (Bulmer, 1979; Foster et al., 2006).

Atmos. Meas. Tech., 10, 4055-4066, 2017
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Figure 7. Statistical frequency distributions for the month of
September with 2013 GPS PW data over Boulder (black line),
40 years of climatologically averaged radiosonde PW data over
Denver (dark grey line), and 10 years of climatologically averaged
GPS PW data over Boulder (light grey line). September 2013 GPS
PW data was split into two halves: 1-15 September 2013 (flood;
green line) and 16-30 September 2013 (post-flood; blue line).

Upon analyzing the distributions in Fig. 6, June through
September primarily have normal distributions with Septem-
ber being, on average, slightly more positively skewed than
the other months with a value of 0.32, although the distribu-
tion is still considered normal according to the conditions for
skewness defined in Bulmer (1979). However, the seasonal
variation in PW is still evident as July and August distribu-
tions tend to have their highest frequencies over higher val-
ues of PW than either June or September. Also, despite most
months having a normal distribution, there are four distri-
butions which were labeled as lognormal because they have
skewness values larger than 0.5: July 2005, September 2008,
September 2010, and June 2013.

4 Water vapor transport

The occurrence of heavy precipitation such as was observed
during the September 2013 event requires sufficient moisture
supply to fuel it. In Sect. 3, PW was shown to spike rapidly
prior to the flood and remain at highly anomalous values for
the duration of the event. In order to more completely under-
stand the PW characteristics of this event, it was important
to investigate where the moisture originated and what mech-
anisms were controlling the moisture transport that kept the
atmosphere very near to saturation for 7 consecutive days.
The moisture source and transport for the September 2013
event was briefly investigated in previous literature. Gochis
et al. (2015) noted that the sources of moisture for the event
were the Gulf of Mexico and the Tropical Eastern Pacific
Ocean, both of which had 1-3 °C above normal sea surface
temperature anomalies. They stated that the moisture from
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these regions was transported into the Front Range by a cut-
off low over the southwestern United States (US) working
in conjunction with an anticyclone over the southeastern US.
Both of these features were kept in place for multiple days by
a blocking ridge located over the Canadian Rockies (Gochis
et al., 2015). Trenberth et al. (2015) stated that the source
of moisture for the September 2013 event was only from the
Tropical Eastern Pacific Ocean, while Mahoney et al. (2015)
claimed the moisture for the event came primarily from the
Gulf of Mexico.

The distribution that shows the largest shift in distribution
from the other years is that of September of 2013, which had
a bimodal distribution. Figure 7 shows a more detailed com-
parison of September of 2013 PW data with 10 years of GPS
PW data and 40 years of radiosonde PW data. September
of 2013 PW data were split up into two categories: “flood”,
which represents 1-15 September, and “post-flood”, which
represents 16-30 September. Figure 7 shows how different
September of 2013 is from climatology and also how the at-
mosphere during the flood differed from the post-flood at-
mosphere. The atmosphere during the flood was highly sat-
urated, with a peak frequency around 25 mm and PW values
as high as 35 mm. The frequency distribution during this time
was normal with a skewness value of 0.175. The post-flood
atmosphere had a distinct lognormal distribution indicated
by visual analysis and also by a skewness of 0.6838. The at-
mosphere at this time was considerably drier, with frequency
peaking at 0.9 around 7 mm of PW.

Due to the slight variation of opinion on which body of
water was the source of moisture for the event, this study
further investigates moisture source and transport by exam-
ining NARR 500 hPa geopotential height and integrated wa-
ter vapor flux in conjunction with the standardized anomaly
of gridded SuomiNet PW data. Five times surrounding the
event were chosen for analysis based on their proximity to
rapid fluctuations in PW, denoted by the vertical dashed lines
in Fig. 3. The three variables listed above are plotted in Fig. 8
at each of the five time steps.

Figure 8a—c show the atmospheric conditions on
6 September at 09:00 UTC, prior to the start of the event.
There was a large ridge with 500 hPa geopotential heights
above 596 gpm over the western half of the US (Fig. 8a),
which contributed to higher temperatures and dried the at-
mosphere over Boulder as seen in Figs. 3 and 8c. At that
point, there was no direct water vapor transport from either
the Gulf of Mexico or the eastern Pacific (Fig. 8b).

Moving on to 9 September at 18:00 UTC (Fig. 8d-f), a
trough started to form over the western US and an anticy-
clone shifted over the southeastern US (Fig. 8d). Together,
these began transporting water vapor towards the northeast
along the eastern flank of the trough from the eastern Pacific
(Fig. 8e). This transport contributed to a belt of PW anoma-
lies with magnitudes of 1.5-2.5 standard deviations over the
southwestern and western US (Fig. 8f). The PW anomaly
over Boulder at that point was between 1 and 1.5 standard de-
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Figure 8. A comparison of NARR 3-hourly averaged 500 hPa geopotential height (a, d, g, j, m), NARR 3-hourly averaged integrated water
vapor flux (b, e, h, k, n), and SuomiNet gridded standardized PW anomalies (c, f, i, k, 0). Each row represents a different time surrounding

the 2013 event.

viations and precipitation had not yet begun (Fig. 3). At this
point, PW values started to rise at a fairly quick rate (Fig. 3).
This coincided with Adams et al. (2013), who found that wa-
ter vapor increases by low-level moisture convergence due to
large-scale or other forcings. Water vapor appeared to travel
to Colorado from the Tropical Eastern Pacific at that time
(Fig. 8e).

By 11 September at 06:00 UTC (Fig. 8g—i), the low pres-
sure over the western US deepened and formed into a cut-
off low (Fig. 8g). The low stagnated over the western US
due to the influence of the blocking ridge under which it
resided. The anticyclone over the eastern US also strength-
ened. Working in conjunction, the strengthening of the low
and the high increased the southerly water vapor transport

www.atmos-meas-tech.net/10/4055/2017/

and there was a corridor of flux convergence over New Mex-
ico and the direction of the flux over northern Colorado was
toward the Rocky Mountains (Fig. 8h). This resulted in a cor-
ridor of PW anomalies that stretched from the Mexican bor-
der to southern Wyoming (Fig. 8i). The magnitude of the PW
anomaly over Boulder rose to between 2.5 and 3 standard de-
viations as the moisture pooled against the Rocky Mountains
due to easterly water vapor transport. Light, orographically
enhanced precipitation began and Boulder experienced rain
rates around 5 mmh~! (Fig. 3). Water vapor was being trans-
ported into Colorado from the Tropical Eastern Pacific and
the Gulf of Mexico at this time (Fig. 8h).

By 12 September at 06:00 UTC (Fig. 8j-1), the anticyclone
began to break down but the cutoff low deepened even further
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(Fig. 8j). Water vapor was still being transported into the re-
gion from the Gulf of Mexico by the synoptic conditions with
an easterly component of the flux continuing to pool water
vapor against the Rocky Mountains (Fig. 8k). However, the
transport of moisture into Colorado appeared to have weak-
ened substantially and the Tropical Eastern Pacific was no
longer a source of moisture. There was still a corridor of PW
anomalies coinciding with the regions of strong water vapor
flux and the magnitude of the anomaly over Boulder was still
between 2.5 and 3 standard deviations (Fig. 81). Precipita-
tion intensified over the past 24 h and Boulder experienced
up to 35mmh~! of rainfall (Fig. 3). While a majority of the
rainfall was orographically enhanced, the occasional intense
periods of rainfall were a result of mesoscale circulations, as
was noted by Gochis et al. (2015).

By 14 September at 21:00 UTC (Fig. 8m—o), the block-
ing ridge broke down, which allowed synoptic conditions to
shift eastward, and the cutoff low once again became a trough
(Fig. 8m). This resulted in the water vapor flux also shifting
eastward (Fig. 8n). The PW anomaly over Boulder decreased
to between 1 and 2 standard deviations (Fig. 80). Rainfall for
the event ended at this point, excluding a peak that occurred
during the afternoon of 15 September (Fig. 3).

Upon comparing NARR integrated moisture flux with
500 hPa geopotential height and observed standardized PW
anomalies, it was found that the strength and location of
moisture transport varied over the course of the event. Prior
to the event, on 9 September, moisture from the Tropical
Eastern Pacific appears to have been transported up to Col-
orado by a stagnating cutoff low over the southwestern US.
Starting on 10 September, the cutoff low and subtropical an-
ticyclone promoted southerly flow into Colorado from the
Tropical Eastern Pacific and the Gulf of Mexico. As of
12 September, the Tropical Eastern Pacific no longer pro-
vided moisture for the event and the Gulf of Mexico was
the sole source of moisture. By 14 September, the transport
of moisture into Colorado had significantly weakened due to
the eastward shift of the synoptic pattern. The moisture trans-
port was dependent on the strength and location of the dom-
inant synoptic features, and based on the analysis shown in
Fig. 8 the moisture has been transported into Colorado from
both the Tropical Eastern Pacific and the Gulf of Mexico.
These results are most consistent with the findings of Gochis
et al. (2015) but do not discount the results found in Tren-
berth et al. (2015) and Mahoney et al. (2015).

5 Conclusions

The aim of this research was to analyze PW characteristics
surrounding the September 2013 event and compare them to
climatology. Precipitation began approximately an hour af-
ter PW rose to between 2 and 3 standard deviations above
the PW long-term median. This result was consistent with
past literature that examined the relationship between PW
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and precipitation. Monthly-averaged PW values in the GPS
dataset for September 2013 were above the 99th percentile
when compared to the climatological data as well as around
25 % higher than the monthly-averaged climatological mean
value for September. That the monthly average for Septem-
ber of 2013 was so far above the climatology for 10 and
40 years of data indicates how anomalous the atmospheric
moisture content was during the event. The frequency distri-
bution of PW for September of 2013 was bimodal, which was
much different than the typical normal distribution observed
in September of other years. Upon further analysis, it was
noted that the highly saturated portion of the bimodal dis-
tribution was solely the result of the September 2013 event,
which had a nearly saturated atmosphere. The second half of
September had a lognormal distribution, representing a much
drier atmosphere for the rest of the month. The moisture for
the event originated from the Tropical Eastern Pacific at the
beginning of the event on 9 September came from this source
and the Gulf of Mexico during the heaviest precipitation (10—
12 September), and then from only the Gulf of Mexico to-
wards the end (12—-14 September).
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