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ABSTRACT

Data from the PROFS (Program for Regional Observing and Forecasting Services) surface mesonetwork
have been used to document the effect of variable snow cover on atmospheric boundary layer properties,
cloudiness and weather conditions over northeast Colorado on 15 April 1983. On this day an oval-shaped
~10* km? area of snow-free ground surrounded by snow-covered ground existed along the Colorado Front
Range. While sky conditions on the morning of this day were everywhere clear, cloudiness developed by
midday over the snow-free region as a result of the more rapid boundary-layer heating and mixed-layer growth
there. During midafternoon snow showers occurred over the snow-free ground whereas skies remained mostly
clear over the snow-covered area.

Our analysis suggests that snow boundaries in the region may have acted through the development of a
weak solenoidal field to enhance low-level inflow into the snow-free area, thereby assisting with cloud development
in the region. Analogous to the sea breeze, this phenomenon might be termed a “snow breeze.” Even without
such an enhancement to the circulation, the variable snow cover through its impact on the surface energy
budget had a profound effect on the regional weather conditions on that day. This situation represents just
one example of a class of complex interactions and feedback processes involving variable surface properties
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and the large-scale flow.

1. Introduction

Forecasters in colder climates are well aware of the
problems snow and ice cover can create for local
weather forecasts. During the cold season, for example,
forecasters in the United States frequently modify nu-
merical guidance for maximum and minimum tem-
peratures [e.g., those given by Model Output Statistics
(MOS) based on conventional synoptic data; Glahn
and Lowry, 1972] using satellite and surface station
information on regional snow cover. Particularly note-
worthy are variations in weather conditions in the vi-
cinity of snow/no snow boundaries. Wash et al. (1981)
have noted important effects of a rapidly-melting
snowband in the central and upper Mississippi River
valley on the diurnal temperature cycle and boundary-
layer development in that region. Bluestein (1982) has
recently documented a case where variable snow cover
over Oklahoma and Kansas had a significant impact
on maximum temperatures for the day in a mesoscale
(~100 km) area in those states.

With the advent of mesoscale networks of surface
stations in the United States, the opportunity has arisen
for more detailed (in the horizontal scale) investigation
of the forecast problem described above. In this study,
data from the Program for Regional Observing and
Forecasting Services (PROFS; Reynolds, 1983) surface
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mesonetwork and other sources in northeast Colorado
will be used to document the impact of snow cover
variability in this region on the evolution of temper-
ature, wind, cloud cover and precipitation on 15 April
1983. On this day an ~10* km? area of snow-free
ground surrounded by snow-covered ground led to
strikingly different weather conditions during the af-
ternoon as a result of differential surface heating. By
afternoon, overcast skies with snow showers occurred
over the snow-free region, whereas mostly clear con-
ditions prevailed over the snow-covered areas. The
authors’ ability to monitor the developing weather
conditions on this day through access of real-time data
contributed immeasurably to our motivation to pro-
ceed with this study as well as to our success in ac-
quiring sufficient PROFS data to carry out a relatively
complete analysis. An understanding of the processes
leading to such important differences in weather con-
ditions on the mesoscale is a vital factor in improving
short term weather forecasting in these types of situ-
ations.

2. Data sources
a. PROFS mesonetwork

Surface observations from a mesometeorological
network of 22 stations over northeast Colorado have
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been used in our analysis. A map of these stations
(small letters) and surrounding National Weather Ser-
vice (NWS) stations (large letters) is shown in Fig. 1.
The separation between PROFS stations is variable,
but averages about 40 km. Standard meteorological
variables as well as pyranometer measurements of total
solar radiation (direct and diffuse) on a plane surface
are recorded and transmitted in the form of 5-minute
averaged data. A listing of the station identifiers and
elevations of all PROFS stations in Fig. 1 is given in
Table 1. Major topographic features of the region are
also indicated in Fig. 1. The PROFS stations are cen-
tered over the upper reaches of the South Platte River
drainage basin with the Continental Divide to the west,
the Cheyenne Ridge to the north and the Palmer Lake
Divide to the south. The variation in elevation over
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the region is large, with stations ranging from 1372 m

(4500 feet) at FTM to 3505 m (11 500 feet) at ISG.

This study will concentrate on analyses over the high
plains where the variation in elevation is considerably
less.

b. Geostationary satellite and NWS platforms

Visible satellite imagery from the National Oceanic
and Atmospheric Administration (NOAA) Geosta-
tionary Operational Environmental Satellite (GOES)
system having 2 km resolution has been used to de-
termine the horizontal extent of snow cover. These
data have been mapped onto a regional geographic
grid using the Colorado State University (CSU) In-
teractive Research Imaging System (IRIS, Green and
Kruidenier, 1982).
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FIG. 1. PROFS mesonetwork stations (small letters) and surrounding National Weathqr Service
stations (large letters). Major geographical features are identified. Elevation contours are in meters
[1524 m (5000 feet), 2134 m (7000 feet), 2743 m (9000 feet)].
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FI1G. 3. Snow cover at 0802 MST (shaded area) estimated from satellite picture (Fig. 2).
Reported depths (cm) at National Weather Service stations are indicated.

eastward. No significant short-wave disturbances are
evident in the northwesterly flow; however, an area of
enhanced moisture in the north-central United States
(shaded area in Fig. 6) can be tracked in this flow
southeastward to the central United States twelve hours
later (Fig. 7, 1700). The moistening evident at Denver
through the day (shown later in Fig. 11) may be partly
attributable to the large-scale moisture advection il-
lustrated here. Curiously, the 700 mb wind at Denver
changes from northwesterly at 5 m s™' at 0500 to
southeasterly at 5 m s™' at 1700, with the direction at
1700 being exactly opposite to the geostrophic wind
direction (Fig. 7). The magnitude of the ageostrophic

wind component at 1700 is approximately 15 m s™'.

More will be said about this feature later.

¢. Mesoscale analysis

Surface potential temperature (referenced to Fort
Collins pressure, 840 mb) and streamline analyses over
northeast Colorado at 0655, 0855, 1255 and 1655 are
shown in Fig. 8. The use of potential temperature in
this mountainous region assists in distinguishing that
part of the surface air temperature contrast due to air
mass differences from that due to elevation differences.
Over the plains, temperature adjustments due to ele-



JUNE 1984

FIG. 4. Surface isobaric analysis at 0500 MST (1200 GMT)
15 April 1983 (24 = 1024 mb, etc.).

vation are small (<2°C, except at COS, ELB and SNY
where they are 3°C), while at the Rocky Mountain
stations they are large. Interpretation of analyses of
surface potential temperature is least complicated when
the boundary layer is well mixed through a deep layer,
as it is during the afternoon of the day studied here
(to be shown later). The snow cover is indicated in
Fig. 8 by shading and the surface water vapor mixing
ratio is plotted at each station.

The analysis at 0655 (approximately 1 h 20 min
after sunrise) shows a rather dramatic impact of the
snow on surface temperature with a region of cold air
over most of the snow fields in the South Platte River
drainage basin (Fig. 8a). Relatively warm air exists in
the western portion of the snow-free region which can
probably be partly attributed to a weak early morning
downslope flow along the foothills of the Rocky
Mountains. The lower mixing ratios at LAK, RB3 and
FOR support such an argument. Surface flow over the
plains is characterized by drainage flow off the ridges
and down the river valley, a situation typical of that
expected shortly after sunrise (e.g., Defant, 1951;
Johnson and Toth, 1982). At 0855 (Fig. 8b) the same
temperature pattern exists, although some warming
has occurred, with temperature differences as great as
5°C over a 60 km distance at the same elevation, [e.g.,
LVE to BGD (BRG)] due to snow cover effects. By
this time the warming along the east-facing slopes of
the Rocky Mountains has generated an upslope flow
over the snow-free area as far east as 105°W. The
timing (relative to sunrise) and pattern of the reversal
to upslope flow closely follow the climatological be-
havior over this region on clear days (Johnson and
Toth, 1982), except that on this day downslope flow
off the Cheyenne and Palmer ridges persists longer
than normal, presumably due to the snow cover there.
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Clear skies are reported at all stations in the region at
this time.

Four hours later (1255, Fig. 8c) temperatures have
risen everywhere by approximately the same amount,.
leaving a temperature anomaly pattern similar to that
before. Sky cover (in quarters) based on estimates of
solar radiation depletion over clear-sky values is shown
at the individual PROFS stations. It can be seen that
by 1255 considerable cloudiness has developed in the
west and northwest portions of the PROFS mesonet
area. At the same time skies are mostly clear over the
surrounding snow-covered ground. As will be discussed
in more detail later (Section 4), the clouds that develop
in the snow-free region are, at least initially, low clouds
having bases at the top of the boundary layer. It will
be shown that these clouds are a consequence of surface
heating to and above the convective condensation
temperature.

The surface flow at 1255 over the PROFS meso-
network is characterized by an anticyclonic eddy which
exists over the snow-free area with northwesterly flow
to the north and east. This surface anticyclonic cir-
culation has been noticed by the authors to develop
frequently downstream of the Cheyenne Ridge when
a northwesterly gradient wind in the lower troposphere
exists over the area. It appears to be the counterpart
of a cyclonic circulation centered near Denver which
develops when southeasterly flow occurs over the area
(Szoke et al., 1984). These circulation features are very
likely induced by the topography of the region. The
surface circulation in the region at this time departs
considerably from that normally observed on clear,
snow-free days with weak lower-tropospheric winds
(Johnson and Toth, 1982). On such occasions upslope
flow occurs in all areas by early afternoon with flow
up the ridges and toward the Continental Divide. The

Surface
Analysis
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FIG. 5. Surface isobaric analysis at 1700 MST 15 April 1983
(0000 GMT 16 April).
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FiG. 6. 700 mb analysis at 0500 MST (1200 GMT) 15 April 1983.
Shaded area denotes dew point depressions < 5°C.
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FIG. 7. As in Fig. 6 but for 1700 MST 15 April 1983 (0000 GMT 16 April).
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FIG. 8. Surface potential temperature and streamline analyses at (a) 0655, (b) 0855, (¢) 1255 and (d) 1655 MST. Potential temperature

(referenced to 840 mb) in °C. Surface mixing ratio (g kg™) is plotted below the potential temperature. One full wind barb = 5 m

one-half barb = 2.5 m s™’. Cloud cover at PROFS stations (in quarters) is estimated from radiation traces. Cloud estimates at PROFS

stations are not available at 1655 MST due to low sun angle. Shading indicates snow cover.
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extension of the cool anomaly southeastward from
Cheyenne (CYS) is undoubtedly aided by cold advec-
tion in the northwesterly flow there. The actual daily
temperature trace at each station is a complicated
function of cloudiness, local snow cover and the fetch
of the air upstream over snow-covered ground.

By late afternoon (1655 or 1 h 45 min prior to
sunset) the same general surface flow and temperature
anomaly patterns exist; however, the amplitudes of the
temperature anomalies are somewhat reduced (Fig.
8d). The reduction in the relative warmth of the snow-
free region is largely accomplished by a considerable
increase in cloud cover and the development of scat-
tered snow showers over this area. The reduced surface
temperatures and increased surface mixing ratios in
the northern part of the snow-free area are probably
due to evaporation of precipitation in that region. It
can also be noted that by 1655 the upslope flow has
extended to the level of the highest PROFS stations.
The climatological study of Johnson and Toth (1982)
indicates that a reversal to downslope normally occurs
at the high elevation stations by this time in the late
afternoon. Thus, it appears that the anticyclonic cir-
culation over this region was relatively strong and deep
on this day.

4. Analysis of the development of the cloud field

Within the enclosed snow-free region only two reg-
ularly-reporting National Weather Service stations ex-
ist: Denver (DEN), a first-order hourly-reporting sta-
tion, and Fort Collins (FCL) a secondary two-hourly-
reporting station. A list of cloud and weather portions
of the aviation weather observations at these stations
during the course of the day is given in Table 2. Low
cloudiness develops by midmorning at both DEN and
FCL with rain and snow showers occurring at FCL
during midafternoon. The low clouds disappear shortly
after sunset (1840). -

A view of the cloud cover development over the
PROFS mesonetwork area is possible from an ex-
amination of station solar radiation data. In Fig. 9
solar radiation traces are depicted in three divisions:
1) the snow-free area, 2) the mountain area and 3) the
snow-covered area. Five-minute average values are in-
dicated by crosses and the range of values by horizontal
bars. Over the snow-free and mountain stations, cloud
cover develops in most cases within two hours of local
noon and continues until sunset. In sharp contrast,
PROFS stations in the snow-covered region show very
little, if any, cloud cover throughout the day.

From the curves in Fig. 9, the time of initial cloud
cover has been estimated at each station and the results
are presented in the form of isochrones of first cloud
cover in Fig. 10. Low clouds first occur at about.1000
in the foothills of the Rocky Mountains near EPK and
in the snow-free area near FOR/FCL. Cloud cover
gradually expands eastward in the snow-free region
with an easternmost extension along the South Platte
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TABLE 2. Surface observations of clouds (heights of bases in km),
weather and remarks for Denver (DEN) and Fort Collins (FCL) on
15 April 1983.*

Time
(MST) DEN FCL
0700 CLR CLR
0800 CLR
0900 CLR CLR (FEW CU W)
1000 CLR (CU SW-NW)
1100 CLR(FEW CU I.8KM) 2.0 SCT 5.8 BKN
1200 CLR (CU SW-NW)
1300  CLR (CU ALQDS) 1.2 SCT E1.8 BKN 5.8 BKN
(VIRGA E-SE, SWU SW-WSW)
1400 1.4 SCT
1500 1.4 SCT 7.3 SCT E1.2 BKN 1.8 OVC RW-SW-
(RWSWB10, BINOVC N)
1600 1.4 SCT 7.3-SCT )
1700 1.4 SCT 7.6-SCT 1.2 SCT E1.8 OVC (RWSWEI520)
1800 1.4 SCT
1900 1.4 SCT 1.2 SCT E1.5 OVC (SWU W-E,
BINOVC S-N)
2000  CLR (SC SW-NW)
2100 CLR (SC'W) 3.0 SCT
2200 CLR
2300 CLR CLR

* CLR—Clear; CU—Cumulus; SCT—Scattered; BKN—Broken; ALQDS—
All quadrants; RWSWB—Rain/snow shower began; BINOVC—Breaks in
overcast; RWSWE—Rain/snow shower ended; SWU—Snow shower of un-
known intensity.

River. The correlation between the area of the first
low cloud development and the snow-free area is sig-
nificant.

To understand why the cloudiness progressed as it
did, it is instructive to examine the 0500 and 1700
soundings at DEN (Fig. 11). The sounding at 1700
terminates at 528 mb. In the morning a temperature
inversion exists in the lowest 400 m with a slightly -
stable lapse rate above extending to 630 mb (2.2 km).
By late afternoon (1700) surface heating has established
(above a surface superadiabatic layer) a layer approx-
imately well-mixed in potential temperature and spe-
cific humidity to 670 mb (1.8 km). There is a consid-
erable increase in lower tropospheric moisture (~1 g
kg™ ! below 700 mb) from morning to evening, probably
as a result of the combined effects of large-scale ad-
vection (Figs. 6 and 7) and evaporation and subli-
mation at the surface. During the same time a slight
warming (~ 1-2°C) occurs above the mixed layer.

Keeping in mind the moistening which has occurred,
the morning (0500) Denver sounding has been used
as the environmental sounding to estimate a convective



JUNE 1984

®w ®© 4 o
+ . .

- o
.

TIME (MST)
~

0w ® N o
P

TIME (MST}
N - ©

o
.

JOHNSON, YOUNG, TOTH AND ZEHR

1149

soui\““’{\‘”"i LAk

SNOW FREE AREA :

*

.;5

XX

ow- COVERED AREA

(¢)

FIG. 9. Solar radiation traces (direct and diffuse on a plane surface) at PROFS stations in the (a) snow-free area,
(b) mountain area and (c) snow-covered area. Pluses mark zero and vertical dashed lines 1000 W m~2, Mean
values at 5 min intervals are indicated by crosses and the ranges between high and low values during 5 min periods

are denoted by horizontal lines.
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condensation temperature (CCT) and convective con-
densation level (CCL; Iribarne and Godson, 1981)
which should give some indication of the timing and
altitude of the first cumulus clouds at each PROFS
station. In the analysis, the initial parcel temperature
and dewpoint used to determine the CCL at each sta-
tion includes adjustments based on observed lapse rates
(2 and 1°C, respectively) in the superadiabatic layer
of the 1700 DEN sounding. A map of isochrones of
the calculated time of first clouds using the PROFS
surface data and DEN sounding data is shown in Fig.
12. The general character of the isochrone pattern
agrees favorably with the observed first cloudiness
shown in Fig. 10. The greatest discrepancies occur in
the southern and eastern parts of the region near the
border of the snow field. There were several sources
for error in this analysis, including 1) the use of the
morning sounding as the environment, particularly at
stations to the east with later first-cloud times (recall
that 1-2°C warming above the mixed layer occurred
during a 12 h period), and 2) the fact that the lapse
rates of temperature and dew point near the surface
over snow-free ground as given by the DEN sounding
may be different from those over the snow surface.

The agreement suggests that the development of clouds
in the snow-free area is simply a consequence of the
faster rise of the surface temperature and growth of
the mixed layer in the region such that mixing to the
CCL was more quickly achieved there. Development
of the mixed layer to the CCL was retarded in the
snow-covered regions.

The explanation given above is supported by cloud-
base height estimates obtained from surface temper-
ature and dew point measurements (e.g., Iribarne and
Godson, 1981, pp. 140-141). These values, determined
at the time of the first low clouds (inferred from ra-
diation traces) and shown in Fig. 13 in the region of
low cloud cover, range from a maximum of 2.3 km
centered in the snow-free area to a minimum of 1.3
km over the snow-covered ground (near NUN). The
deeper subcloud layer in the snow-free area is likely
a consequence of higher surface temperatures and a
slightly reduced surface moisture source there, whereas
the shallower depths occur over the cooler, slightly
moister, snow-covered surface (Fig. 8c). The agreement
between these cloud base estimates and those reported
at DEN and FCL (in parentheses) is reasonably good.

A plot of the surface air saturation points (Betts,






