LesE 3¢

QY
»

£
e

¥ AR
%\“?* § 5{% ,

#s 0f St
rity, 224

AvGust 1991

MARKUS, BAILEY, STEWART AND SAMSON 1147

$Low-Level Cloudiness in the Appalackian Region

MICHAEL J. MARKUS, BrUCE H. Balley anD RONALD STEWART

AWS Scientific, Inc.,

Periy }

Albany, New York

L SAMSON

Fhe Depariment of Asmospherie, Oceanic and Space Sciences, Space Physics Research Laboratory,
University of Michigan, Aan Arber, Mickigan

{Manuscript received 23 May 1990, in final form §4 February 1891}

ABSTRACT

Low-Jevel (<2 km) cloud frequencies have been derived for the Appalachian Mountain region for the period
F985-88 based on in situ measurements by optical cloud and relative humidity sensors, and regional anatyses
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19% of all hiirs R“i’ NF?’Hiregmnal vesults indicate that Tow-Tevel cloud was most Feguent betwes

200 s and 1300 m with & maximum at 1500 m. Orographic effects are probably responsible for the difference
in these findings. Drrought conditions during the period reduced overalt cloudingss in the southern portions of
the Appalachians, while more normal amounts were observed in northern areas. Clows was found o be more
abundant at mght over the mountains in contrast 10 trends observed at reglonal atrport sites.

1. Introduction

The wet deposition of pollutants by clouds on high
elevation f{orests in the easiern United States has been
proposed as a contributing factor in spruce-fir decline
(Lovett et al. 1982; Woodman and Cowling 1987).
The Environmental Protection Agency's Mouniain
Cloud Chemistry Project { MCCP) was implemented
by the Forest Response Program of the National Acid
Precipitation Assessment Program (NAPAP) to pro-
vide air chemistry and meteorological support data to
address the hypothesis that acidic and other aithome
chemicals contribute to this forest decline, The MCCP
has worked closely with the Spruce~Fir Research Co-
operative and the Forest Response Program Synthesis
and Intepration Group to assess the impact of the re-
sults on forest ecosystems. Measurement and research
stations were established in 1986 at six tomote sites
along the Appalachians from Maine to North Carolina.
In Canada, the Chemistry of High Elevation Fog
{CHEF) program was staried in Iate 1985 with simnilar
goals in mind {(Schemenauer 1986).

The forest die-back problem appears to be exiremely
sensitive to elevation and is primarily confined to ele-
vations above 200 m { Woodman and Cowling 1987).
The decline may be related to stresses imposed by pol-
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lution, climate, pathogens, or possibly a combination
of all three (Dasch 1988), Chemical inputs from wet
deposition, particularly cloud water, may be important
for the following reasons: 1) the higher-clevation sites
are often immersed in cloud; 2) the higher wind speeds
at these elevations result in 2 higher interception po-
tential; and 3) the concentrations of chemical species
in clowd water have been found to be higher than those
found in precipitation {(Falconer and Falconer 1980
Waldman et al. 1982, Lovett et al. 1952; and Dollard
et al. 1983). The cloud-water acidity of a particular
cloud event at 2 mountain sife is dependent on a num-
ber of factors including the source region of air over
the mountain as well ag the air mass in which the clouds
are embedded (Vong et al, 1990}, Although these re-
sulls are quite variable from site to site and by event,
an overall analysis of cloud distribution within the Ap-
palachians may prove 1o be a useful frst step in deter-
mining the role, if any, that clond water may have on
forest decline,

Prior to the birth of the MOCP, mountain cloud
observations along the Appalachians were very limited
both temporally and spatially. Estimates of cloud im-
paction frequency ranged from 30% of all hours in the
Great Smoky Mountains to 40% at the summit of
Mount Mitchell, Estimates for the northern Appala-
chians were 50% at Whiteface Mountain, New York
{ Nicholson and Scoit 1969), 53% at Mount Washing-
ton, New Hampshire (NOAA, 1975} and 40% at the
summit of Mount Moostiauke, New Hampshire (Lov-



elt ot al, 1982). Siceama {1974} estimated that the
upper slopes of the Green Mountains arein cloud 30%—
50% of all hours, The installation of meteorological
instrurnentation at the MCCP sites provided the first
apportunity to directly monitor the presence of cloud.

In the absence of direct mountaintop cloud obser-
vations, other sources of regional information can be
used to infer cloud frequency within the mountains
themselves. These include airport observations, satellite
data, pilot reports, and rawinsonde data, For example,
Warren et al. ( 1986) developed global cloud chimatel-
ogy statistics from surface airport observations for the
1971-81 period on a 57 lat > 3° long grid. The Real-
Time Nephanalysis {RTNEPH), a global climatolog-
icat cloud archive produced by the U5, Air Force (Fye
1978}, incorporates all of the above sources enabling
the user to conduct a variety of cloud analyses. Schulz
and Samszon { 1988 ) utibzed the 3DNEPH, an earlier
version of RTINEPH, to determine the nonprecipitating
low clousd frequency in central North America for 1982,

In this paper, cloud statistics for the Appalachian
region are presented based on site-specific results from
the MCCP during the warm seasons of 1986-88 and
regionat  findings for 1983-87 derived from the
RENEPH database. Statistics inchude cloud as a fune-
tion of latitude, ongitude, elevation, and time of day.
In addition, the pereentages of low cloud types and the
ratio of precipitating {0 nonprecipitating cloud are also
investigated. Section 2 briefly describes the MCOP net-
work while section 3 discusses the methods of cloud
detection at each of the sites. Cloud statistics from the
MCCP sites and the RTNEPH database are contained
in sections 4 and 5, respectively, Finally, a summary
is presenied mosection 6,

2. MOCP network and site descriptions

The MOCP network encompasses an area from
Maine to North Carelina and consists of ive primary
mountain summit sites ranging in elevation from 1000
to 1950 m, and one primary nonmountan site at a
much lower elevation. The Iocations of the mouniain
sites are shown in Fig. 1.

The five summit sifes include Whiteface Mountain,
New York; Mount Moaosilauke, New Hampshire;
Shenandoah, Virginia; Whitetop Mountain, Virginia;
and Mount Mitchell, North Carolina. Given their ele-
vation and location, these sites are frequently impacted
by cloud. The sixth, 4 low glevation site, Howland For-
est, Maine, does not experience cloud. Brief site-specific
deseriptions for the primary mountain sites are pre-
sented below,

4. Whiteface

Whiteface Mountain is situated in the northeastern
Adirondack Mouniains in New York, The MCCP site,
located at the summit, is above the tree line at an ¢le-
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1. Whiteface Min, NY
2. B Moosiauke, NH

3. Shenandoah Nalt Pas, VA 3
4. Whiteton Min., VA
5. M Muchelf, NG _

Fr;, b Locations of the primary sormimi sites of
the MOCP mewwork.

vation of 1483 m. The prevailing wind direction is from
the west-southwest, which also corresponds to the
sicepest terrain on the mountain. The research facilities
on Whitefuce have been in place sinoe 1961 under the
guidance of the Atmospheric Sciences Research Center
{ASRC) of the State University of New York.

b Moosilauke

Mount Moosilauke, New Hampshire is logated in
the southern portion of the White Mountains, The
MCCP site, operated by Dartmouth College, is located
on a spine of the main mountain approximately 7 km
southeast of the summit. The site elevation is 1000 m
compared with the summit elevation of 1465 m. The
terrain falls off significantly to the east-southeast of the
site and the predominant wind direction is from the
west-northwest.

o. Shenandoah

The Shenandoah site (elevation 1015 m) is located
in the Shaver Hollow watershed in the northern end
of the central section of Shenandoah National Park,
Virginia. The topography of Shaver Hollow is ex-
tremely steep (average slope is 47%). The prevailing
wind direction is west-northwest, which is essentially
perpendicular to the ridgeline. The westerly winds must
travel over the main Appalachian chain, the beginning
of which is roughly 35 miles to the west, before reaching
the site. Research at the site is conducted by the Uni-
versity of Virginia,
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Whitetop Mountain is located at the Mount Rogers B & e AU R
National Recreation Area of the Jefferson National 85 W : / hl
Forest in southwestern Virginia, approximately 6 km  sn ’{,/ V \ y
southwest of Mount Rogers, the highest peal in the L S04 B A e - N
stale at 1746 m. The Tennessee Valley Authority . bt b BN
{(TVA} summit research station is af an clevation of o

{685 m. The prevaling wind direction is from the west-
northwest, thus the site is strongly influenced by air
originating from the Tennessee Valley region. The
steepest stopes on the mountain are on its southwestern
side.

e Miichell

Fhe southernmost MCCP site is located in the
Mitchell State Park, North Carolina, one mile south-
west of Mount Mitchell, which is the highest peak in
the eastern United States (2038 m). The MCCP me-
teorological tower is installed on Mount Gibbs at an
elevation of 1950 m, Wind direction frequency distri-
tutions indicate a pronounced peak from the west-
northwest.

3. Methods of clond detection at MOCT sites
g, Fustroament description

Three different technigques for estimating the fre-
quency of cloud impaction were utihized by the MOCP
beginning in 1986. From the project’s onset, relative
humidity was used at most sites to determine cloud
presence. Al Whitctop Mountain a reflectometer was
used to detect cloud but its high cost precluded its use
throughout the network. Beginning with the 1988 field
season, an optical cloud detector was installed at all
sites, A description of the techniques along with their
measurement uncertainties 15 presented below,

1} RELATIVE HUMIDITY

Relative humidity (RH) # sensed by a Rotrones
MP-100 combination temperature~-RH probe housed
in a naturatly aspirated radiation shield. Cloud presence
is determined subjectively by analyzing the time series
trace during saturated and near-saturated conditions.
The tendency for the sensor’s response in these con-
ditions to drift upward over an extended period of time
precluded the use of a wholly objective RH cloud
threshold, such as g minimum RH valoe, to define
cloud events. Average RH values are recorded hourly
hased on 5-5 samples. As verified by field observations,
the onset of cloud is typically marked by a sharp rise
in RH to near 100% followed by a leveling off. Cloud
dissipation is marked by an abrupt drop of at least
several percentage points. Figure 2 depicts a typical
RH pattern for a cloud event derived from data at
Mount Mitcheil

76 G 1GH tRIIVA N TGV IE TR EDEIARIGR4 1 2 B & % §
Fies. 20 Hourly time series for relative bumidity showing a cloud
event from Mount Mitchel, 2250 Junz 1988,

The uncertainties inherent in the RH fechnigue are
several: the element of subjective interpretation, the
instrument’s 3% accuracy specification, the use of
hourly averaged values, and its slow response time rel-
ative to the two optical technigues. Overall, it is sus-
pected that this technigue may somewhat overestimate
the frequency of cloud due to the fact that near satu-
rated conditions can ocour when the cloud base is above
the site but 1s accompanied by heavy or prolonged rain
events,

2Y REFLECTOMETER

A backscatter  reflectometer  {vigihility  sensor
Weathertronics Model 8340} has been used by the
Tennessce Vallev Authority { TVA) since 1980 a8 a
cloud detector. According fo Valente et gl {1989,
“ohservations at Whitetop have shown that by using a
signal strength of 0,135 (5% of the oulput range) as the
definition of the presence of cloud, haze and lygnid
precipitation are not mistaken for doud impaction.”
The instrument has 1 visibility range of 10004 10 10
m, corresponding to a signal ouiput of 0%-100% of
scale, respectively, The detection threshold of 5% of
seale corresponds to & visibility of 268 m according to
the manufacturer’s literatur.

Tie uncertainties with the reflectometer are not well
defined. However, the method used o obtaim hourly
signal values will tend to overemphasize the presence
of cloud within an kour in which cloud was present
less than half the time. This occurs because the signal's
scale is logarithmic whereas hourly averages are derived
arithmetically. Hously average refloctometer values are
based on S-min intermediate average values derived
from 20-s samples. Given that the first 3% of scale
{cloud absent ) corresponds to a visibility range of about
740 m while the remaining 95% of scale {cloud present}
corresponds to about a 250-m visibility range, arith-
metic averaging of percent of scale values within an
kour will give greater weight to “cloud present” signals.
This can be a source of discrepancy when comiparing
different measurement technigues during variably
cloudy hours,




3) OPHCAL CLOUD DETECTOR

‘The opticat cloud detector {OCD 1 is a forward-soat-
tering optical device originally developed by the Energy
Research Foundation in the Netherlands (Mallant and
Kos 19490). Following successful lnboratory and feld
tests {see Valente et al. 1989}, a modified design was
huilt by AWS 5S¢ '
all sumumit sites-in: 1988, It has an adjustable detection
threshold ' corre ing to Hguid-water content
{LWC) af an assumed mass median-droplet diameter.
Hourly recordings indicate the percentage of time with
cloud present based on S-s samples. Each sample pro-
duces a binary signal corresponding to cloud presence
{=1})and absence (=0). Based on laboratory tests con-
ducted at the Energy Research Foundation, the instru-
ment's detection threshold isset at an equivalent LWC
value of approximately 0.04 g w7 for a droplet mass
median diameter of about 11 gm, roughly equivalent
toa visibility of 350 m { Atlas and Bartnoff 1953}, The
unceriainty in this threshold is estimated 1o be £0.82
g m? due to the uncertaintics in the FSSP-based Jab-
oratory calibrations and on the imprecision of the ad-
justment potentiometers. The instrament can be cal-
ibrated in the field through the use of neutral density
filters,

Under ambient fighd condiiions, the actual detection
threshold will aiso be a function of the cloud’s drop-
size distribution. Thercfore, this instrument’s response
to cloud, especially “thin™ clouds, is variable. It has
also been observed that this instrument can be suscep-
tible to droplet accumulation on the optical lenses,
which results in a reduction in the sensitivily to the
presence of cloud. The original version of the detector
did not contain heaters and therefore was suitable only
for above-freezing cloud conditions,

b Summary of intercompariseon tests
1y OCD VERSUS REFLECTOMETER

Several intercomparisons of the QCI and the TVA
reflectometer have taken place, beginning with a 1987
liquid-water content instrument “shoot-out” at
Whitetop Mountain ( Valente et al. {989). This first
intercomparison used an original prototype whereas
all later intereomparisons used the AWS-modified de-
sign. In all intercomparisons, in lieu of an absolute
cloud detection technique, the TVA refleciometer was
arbitrarily designated the “standard” 1o define periods
when cloud was present or sbsent. The first intercom-
parison, covering a two-week period in 1987, found
that the prototype had 98% agreement with the reflec-
tometer during cloud events and 93% agreement during
noncioud hours.

Four other intercomparisons were conducted during
1988 and 1989 using four different AWS-built instru-
ments, These tests comprised over 57K field hours,
The OCTD agreed with 96%-99% of the cloud /no cloud

ientific, Inc. (AWS) and deéploved st
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obiservations taken by the reflectometer. When clouds
were mndicated by the reflectometer, the OCDs agreed
92%-95% of the time for three of the instruments, and
80% for the other. The lower agreement of this one
instrument was the result of it not responding to cloud
for a 24-h pericd within one extended cloud event. It

<15 expected that water droplets accumulated on its

lenses, reducing the instrument’s sensitivity, When the
reflectometer indicated that clouds were absent, agree-
raent with all four QCDs ranged from 98% to 100%.

2} RELATIVE HUMIDITY VERSUS OCD

Concurrent estimates of hourly cloud presence UStng
the RH and OCTY technigues were made throughout
the 1988 Held season at four MCCP summit sites:
Mitchell, Moosilauke, Shenandoah and Whiteface, A
mimmum of 2300 h of simultancous values were taken
at cach site. Based on its favorable intercomparison
results with the TVA reflectometer, the OCTD was des-
ignated the standard in the intercomparisons with RH.
An hour with cloud as defined by the OCD required
the instrument to be detecting cloud for at least S0%
of the hour, Overall agreement between techniques on
an hourly basis ranged from 87% to 96%, During cloud
conditions as defined by the OCD, agreement ranged
from &1% to 94%.

3} OCD vERSUS RH VERSUS REFLECTOMETER

The 1988 field season provided the first opporfunity
for the RH sensor to operate together with both the
OCD and reflectometer instruments at Whitetop
Mountain. In summary, RH agreed with the reflec-
torneter 91% of the time, and 90% with the QCD. Dur-
ing cloudy conditions the agreement was 86% and 85%,
respectively. Based on these results, error estimates for
relative humidity derived cloud frequencies for the
MCCP sites would range from +2% to 6%,

The results of the comparison tests indicate that the
QCD gives the most conservative estimate of seasonal
cloud frequency. The differences between the OCD and
RH are larger than those for the OCIY and reflectom-
eter, suggesting that RH may give the most liberal es-
timate of cloud frequency.

4. MCCP cloud statistics

The MCCP dataset consists of both chemical and
meteorplogical data beginning in the warm season of
1986. These data were collected under the auspices of
an EPA approved Quality Assurance Plan {(NADP
CQuality Assurance Steering Commitice 1984; MCCP
Quality Assurance Project Plan 1988). The following
meteorological paramcters were routinely monitored
across the petwork: air temperature, pressure, insola-
tion, wind speed and direction, relative hundity, cloud
detector (1988 only), and precipitation amount, Data
were collected during the growing season, the onset of
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which varies with site focation. In this paper, cloud
results are presented only for the period I June-30
September, hereafter referred to as the field season,
during which all sites were fully operational,

a. Cloud frequency

The frequency of cloud on 4 particular mountain
¢an be a function of severat fuctors: latitude, longitude,
clevation, mountsin shape and ordentation, and aspect.
The mechanisms responsible for cloud formation in
mountainous areas can be attributed to three primary
processes: 1) large-scale weather systems (cold fronts,
warm fronts, cyclonic activity } which usually produce
widespread regional cloudiness; 2) orography {forced
uplifting by terrain ) which leads to localized cap cloud
formation; and 3} solar heating, typically exemplified
by the formation of cumulus clouds.

Table | presents the percent frequency of cloud 1m-
paction for the combined 198688 field seasons at each
of the MUCP sunymit sites, The top half of the table
indicates the percent of time that the sites were im-
pacted by cloud while the tower half presents the per-
cent of days with at least 1 ki of cloud. Cloud frequency
estimates at alf sites, except Whitetop, were based on
refative humidity data during the 1986 and 1987 field
seasons and optical cloud detector resulis in 1988
Whitetop results were derived from the reflectometer
throughout the period.

The 3-yr mean of cloud impaction frequency ranged
from & high of 37% at Whiteface to a low of 11% at
Shenandoah. Whitctop experienced cloud 30% of the
time, Mitchell 29% and Moosilauke 19%. Noteworthy
is the observation that the three higher clevation sites
experienced cloud two to three times more frequently
than the two lower sites. On a day to day basis, at least

FanLe | Clood frequency® at the MOUP summit sites dunng
June-September, 198688,

Cloud frequency (% of bours in cloud}

Sit_c 1986 1687 {GHE 3yt muan
Whiteface {1483 m} 43 42 Z5 37
Moositauke (960 m) 29 22 & 12
Shenandoah (1015 m} 13 8 & i1
Whitetop {1689 m) i3 30 26 30
Mitchell {1930 ) 32 1 23 25

Percentage of days with at least 1 b of eloud

Site 1986 t9R7 1988 3w mrean
Whiteface Y 89 73 77
Moaoosilauke 52 3 2z 42
Shenandoah 48 5 23 32
Whitetop i &7 62 68
Mitchelt 84 75 8 76

* Prror estimates for 1986-87 based on relative humididy data are
i
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one hour of cloud was observed between 32% fo 42%
of the days at the lower elevation sites and between
65% to 7% of the days on the three higher mountains.

Cverall, observed cloud impaction was a maximum
during the first year of the project and decreased there-
after. The general decline in cloudiness between 1986
and 1988 is a reflection of the drought conditions which
affected portions of the region, cspecially the southern
half of the network { Bergman ef 21, 1986; Cook ¢t &l
1988). Scction 4e will further discuss the spatial and
temnporal representativeness of the MCCP cloud data.

b, Diwrnal rrends

In the ahsence of synopticscale cloud producing
mechanisms, the divrnal trend in cloudiness is strongly
driven by surface heating. Warren et al. {1986 ) showed
a maximum in cloudiness during the aflernoon hours
using regional airport observations. An analysis of the
general diurnal trend of cloud frequency at the moun-
tain sites was conducted by dividing cloud observations
into 6-h intervals (0100-0600 LST, 67001200 LST,
¢tc). Figare 3 presents a summary of the diurnal trends
for the summit sites.

Diurnal cloud activity at mountaintop indicates a
preference for cloud impaction at night (19000600
£8T). The most pronounced day-to-night differences
during this period occurred at the higher sites, while
fiatter diurnal trends are apparent at the lower peaks.
This patfern of cloud activity was also observed by
Schemenauer { 1986) for a mountain site in Quebec,
In that particular study cloud frequencies were deter-
mined twice daily, 0800 EST and afiernoon hours, for
theee different elevations. One suspected reason for the
higher amplitude curves at Mitchell, Whitetop and
Whiteface is the occurrence of orographic cloud. On-
site ohservations by technicians at these sites have -
dicated that orographic cloud can occur quite regularly
under certain synoptic conditions such as & Bermuda
High situation. Moosilauke and Shenandoah, being
lower in clevation, infrequently experience orographic
cloud.

A year-to-year breakdown of diurnal trends at the
higher sites revealed a maximum in amplitude in 1987
and a distinct mipimum in 1988, Yearly changes were
less subtle at Moosilauke and Shenandoah. The sig-
nificant fatlening of the curves during 1988 may be
attributed 1o two factors: 1) the extreme drought con-
ditions over the Appalachians which probably inhibited
cap cloud formation and 2} the switch to the optical
cloud detector a5 a means of determining cloud pres-
ence at the majority of the sites. The tendency for rel-
ative humidity to approach saturation as a resolt of
nighttime mountaintop cooling may have led to 2 shght
averestimate of nocturnal cloudiness during 1986 and

1987, Comparisons between the two techniques during
1988 indicate 3 9% higher cloud frequency during the
0100-0600 LST period using the relative humidity
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technigue. Whitetop results, which were based solely
an the reflectometer, did mdicate nearly a 30% reduc-
tion in divrnal amplitude during 1988 sugeesting that
the drought was an impaostant factor,

o Precipirating versus nonprecipitating cloud

The collection and chemical analvsis of cloud water
was one of the major activities within the MCCP. Col-
lectible cloud events reguired <1 km visibihity and a
collection rate of =10 mi over a 20-min period. Cloud
samples were taken at 1-h intervals. All sites operated
the ASRC omnidirectional, passive cloud collector
{ Falconer and Falconer 1980) or CAL TECH active
collector { Daube et al. 19873 and followed the estab-
lished QA /QC protocol for cloud collection and LWC
measurements, Frequency distributions for the four
major tons (H', NH,*, 80,7 and NO, ™) based on
cloud events collected during the 1986-88 period in-
dicate that their concentrations are lower during pre-
cipitating cloud than during periods containing cloud
only as a result of dilution by rain droplets ( Mohnen
1994, Given these findings, an attempt was made by
the MOCCP to determine the frequency of exposure of
forests to monprecipitating cloud.

Hourly cloud and precipitation records were com-
pared to determing the relative frequencies of precip-
itating and nonprecipitating cloud. Table 2 summarizes
the results for each of the MCCP sites by year for the
1986-~88 period. In general, between 60% and 90% of
the observed cloud hours were nonprecipitating, The
highest percentage of nonprecipitating cloud ( ~90%}
was found at Mount Mitchell. Values were generally
higher in the southern portions of the network, possibly
a reflection of the drought conditions observed during
the period.

d. Vertical cloud distribution

Regional differences in the vertical distribotion of
cloudiness are governed primarily by synoptic-scale
weather features and large geographical factors such as
the proximity of large water bodies. In the cuse of site-
specific distributions i mountainous terramn, smatler
scale effects such as a particular mountain’s shape and
orientation and Hs position relative 10 surrounding
peaks may also play a significant role. An understand-
g of the distribution of cloud with height is important
for estimating cloud-water impaction potential. In ad-
dition, the identification of zones of typical cloud buse
may be important since there appears to be a sigmbicant
elevational gradient for poliution related ions in cloud
with the highest concentrations af or near cloud base

{ Peteenchuk and Drozdova 1966; Daam et al, 1984

Romer f al. 1985; Lazrus et al. 1983; ten Brink et al.
1987 and Scott and Laulainen 1979,

Verticat distributions of cloud frequency were avail-
able for only two MOCP sites, Whitetop and Whiteface.
At Whitetop the observed frequency of daytime cloud
exposure versus elevation was obtained from a time-
fapse video recorder sited 4.5 km to the north-northwest

Tagik 2. Annual and composite pereentage of doud at the MCCP
suminit sites that are nonprecipitating,

Site 1986 1987 1988 J-yr mean
Whitelnce 63 76 * —_
Moaositauke &7 &1 H 6l
Shenandosh T4 Y 69 &9
Whitetop 84 85 T 84
Mitchelt 99 £3 84 4

* Precipitation data unavailable.
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of the summit at an elevation of 913 m. The dataset
consists of hourly cloud-base information for the period
October 1985-December 1988, Figure 4 presents the
daytime cloud impaction frequency versus height at
Whitetop for both the growing seasons ( May 1-August
11} and nongrowing seasons during the 3-yr period.
For & particular observation, a low overcast resulied
in alt higher elevations being considered i cloud. The
resulis indicate a gradual increase in cloud impaction
frequency with elevation throughout the year. The
nongrowing season had a higher cloud frequency. The
summit daytime cloud frequency during the nongrow.
ing season was approximalely 36%, or nearly 9% higher
than that observed during the growing scason.
Cloud-base  frequency  distribution  results  for
Whiteface for {he 1986-88 field seasons were deter-
mined from relative humidity data, site technician ob-
servations {primarily daytime} and the optical cloud
detector { 1988 only). Figure 5 presents the 3-yr mean
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cloud frequency at Whiteface in 100-m intervals rang-
ing from below 800 m to the summit. Cloud impaction
frequency ranged from 5% at the lowest efevations to
approximately 37% at the summit.

e Represemtativeness of MCCOP clowd resulls

Beginning in the latter half of 1984 and continuing
into the 1988 field season, the southernmiost portions
of the Appalachians experienced prolonged drought
conditions as determined by the Palmer drought se-
verity index (Palmer 1965). In addition, extremely dry
conditions were observed throughout the entire Ap-
palachian region during the first half of the 1988 field
season. Given these overall anomalous conditions, it
is important 1o put into perspective how répresentative
the cloud frequency data derived from the MOCP
compares to the long-term mcan.

One potential source of fong-term cloud information
is the hourly observations taken by National Weather
Service airports. Cloud-base heights at the airports are
determined primanly through the use of cetlometers;
however, pilot reports are also used in some instances.
The fixed or rotating beam ceilometers have an esti-
mated aecuracy of 30 m up to 1000 m in elevation
and +10% above 1000 m (WMO 1976}, These data
are available in various forms from the National Cli-
matic Trata Center, In this study, 3-h observations were
anatyzed for ¢ight airports along the Appalachians for
the period 1965~83. The locations of the airpotts used
in the analysis are presented in Fig. 6, Cloud-base height
observations were grouped into 150-m (500-ft} inter-
vals extending to 2134 m (7000 fi) above sea level in
order to obtain the vertical distribution of cloudiness.
The 2134-m tevel was chosen as a cap in this study
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Frz. 6. Locations of glrports gsed in 1965-83 cloud climatology,

since it roughly corresponds 1o the elevation of the
highest peak within the Appalachian chain, Cloud-base
observations above 2134 m were combined into a single
category and clear conditions were also noted.

Al cloud-base height observations below 213 m
were summed to produce the percentage of observa-
tions with cloud base below that particular level, The
results do not indicate the percentage of time with cloud
below 2134 m since multiple cloud layers below this
level can exist at one observation period. The results
were used only to highlight relative differences in low
cloud frequency. Similar caloulations were performed
for the 1986--88 seasons and then compared to the long-
term values. The 3-yvr composite departure from the
tong-term mean for the eight airports is presented in
Fig. 7.

The synoptic-scale patterns during the period pro-
duced marked differences in regional cloudiness, In
the northeast, above normal cloudiness was observed
during both 1986 and 1987, The departures for these
two years were +9% and +6%, respectively. Extremely
dry conditions in 1988, particudarly during the early
portion of the field season, resulted in a departure of
—8%. The five southern airports reported consistently
below normal cloudiness throughout the period. On
average, the departures for the three vears were —4%,
8% and —5%, respectively. The 3-vr composite de-
parture from the long-term mean for both regions is
presented in Fig, 7. On the basis of regional cloud only,
these findings imply that cloud frequency results for
the northern MCCP sites may be higher than normal.
In contiast, the sopthern MOCP sites probably expe-
rienced below normal cloudiness. However, whereas

Vorsag 30

trends i regional-scale cloud are evident, it is not pos-
stble to determine the effocts on local orographic clouds,
Clouds at the MCCP sites were not distinguished be-
tween regional and oropraphic types.

5 RTNEPH

The Real-Time Nephanalvsis { RTNEPH ) is a global
chimatological cloud archive produced by the ULS. Air
Force (Fye 1978). An earlier version, called 3-Dimen-
sional Nephanalysis (3DNEPH) was begon in 1971
and replaced in 1984 by the improved RINEPH ver-
ston. Both versions use all conventional surface and
rawinsonde data, pilel reports, and satellite data to
produce three-dimensional cloud isformation. The
RTMNEPH data are organized according to a horizontal
griedd systemn superimposed upon a polar stereographic
projection. Gridpoint spacing is47.7 km a1 60° latitude
where projection  true. Fach grid point contains the
following data parameters for every 3-h period: type
of low, middie, and high douds; present weather;
maximum cloud top; minimum cloud base; total per-
cent sky coverage; and percent coverage for 13 fixed
layers, Hughes and Henderson-Sellers {1985, 1986)
have compiled a global coud climatology for 1979
from the 3DNEPH archives while Schulz and Samson
{1988} used the same database to determine nonpre-
cipttating low-cloud frequencies for central North
America for 1982,

The uncertainties in the RTNEPH data archives
consist of the limitations inherent to each of the data
sarces which have been synthesized. First, airport
clond-base heighis are measared by a ceilometer whose
accuracy has been previously discussed. Secondly, the

Fiii. 7. Three-year ( 1986~88 ) lovw-Tevel cloud frequency departures
{%) from 1965-85 normaly at eight NWS abrports,
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Fi. R Area covered by RTNEPH cloud analyses in the north-
eastern Linited States { squares represent locations of grd colis).

satellite data processors may misinterpret cloud infor-
mation under certain conditions. For example, the vi-
sual data processor cannot distinguish between clouds
and bright areas of snow or ice. Therefore, unless ac-
curate snow ot ice daty are available, the analvses may
be in eror. In addition, the infrared data provessor
may underestimate cloud-top heights for thin cirrus
clouds or small cloud elements due 1o the large field
of view of the instrument. The 47.7-kun grid spacing
preciudes resolution at smaller space scales and thus
the RTNEPH analyses are best used for regional anal-
ysis. Low-level clouds, particularly for multilayer cloud
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conditions, are best detected by surface end rawinsonde
observations and least by satellites. In areas where air.
port station density is low, low-cloud information may
not be well represented. Quality assurance has been
upgraded in RTNEPH by the use of source flags, im-
proved guality control algorithms and weighting factors
for the age of the data and distance from a gridpoint.

For this study the RTNEPH database was used to
examine the spatialand temporal variations oflow-level
clouds (<2.1 km MSL) in castern North America for
the 1985-1987 period, The region analyzed encom-
passes an arca from Virginia northeastward into south-
ern Canada. Besults for the southernmost portions of
the Appalachians were not available since this required
the analysis of data from a different grid box. Roughly
50% of the grid cell within the analysis area were used
in this study. The area of interest and the position of
the grid cells are presented in Fig. B.

. Cloud freqguency

Regional low-cloud frequency over the northeastern
Appalachian domain as determined by the RTNEPH
database is presented in Fig. 9. In this figure the fre-
quency of cloud is calculated by multiplying the fre-
quency of low-cloud occurrence by the amount-when-
present.

Low-cloud frequency ranged from nearly 30% in the
winter of 1985 to fust over 20% in the summer of 1987,
Values were greatest during 1985 and gradually de-
creased with time through 1987, On a scasonal basis,
cloud frequency was highest during the winter months
{ December-February y and lowest during the sumamer
{ fJune—-August ).

Percent of Cloud Coverage over NE Appalachian Domain

[ M Procipitating

]
i

]l Non-Peesipianng i
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SpR1 SugT  BR7
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FiG. 9. Percent cloud coverage over northeast Appalachian domdin.
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b Piurnal rrends in cloudiness

In Fig. 10, the diurnal trends in cloudiness during
198587 for the Appalachian domain are presented
using 3-h mean cloud cover vahues. In contrast to the
MCCP results, the reglonal analvsis shows a preferred
maximurn at 1300 LY and a munimum around sun-
rise. The trénd in mean cloud cover closely resembles
the drurnal temperature curve and may reflect the pro-
duction of comutus clouds as a resulf of surface heating,

Warren et al. { 1986), using airport observations ex-
clusively, presented the time of maximum cloud
arnount for several low cloud types, including cumulus
and cumulonimbus. The resulis for cumulus clouds
showed a time of maxdimum between 1300 and 1500
L8T, the latter value being observed during the suminer
months. The peak in cumulonimbus ¢louds, which
contributed a mauch seaaller percentage 1o the overall
cloud coverage, wis between 1700 and {800 LST.
These results support the conclusions drawn from
RENEPH.

¢, Precipitating versus nonprecipitating cloud

A seasonal analysis of the relative frequency of pre-
cipttating versus nonprecipitating cloud w..s conducted
by comparing gridded cloud and precipitation data.
Schulz and Samson { 1988 conducted a simular analysis
using the IDNEPH database. The seasons were defined
as fpllows: winter (December-February), spring
{March-May); summer { June-August) and £33l { Sep-
tember-November ). Figure 9 presents the seasonal
percentage of cloud over the Appalachians broken into
precipitating and nonprecipitating components,

Seasonal tendencies reveal a minimum in ponpre-
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cipitating cloud during the winter, a maximum during
the summer months and comparable values 1n the
spring and fall. The percentage of nonprecipitating
cloud was approximately 80% and 57% during the
198587 summer and winter months, respectively. The
percentages of nonprecipifating cloud derived from
RTNEPH for the summaers of 1986 and 1987 are com-
parable to those observed at the MCCP sites (79% vs
75% ). Finally, despite the decrease in overall dloudiness
throughout the peried, the ratio of precipitating to
nonprecipifating cloud remained essentially constant.
Annual percentages of nonprecipitating cloud for the
three vears ranged from 69% 1o 71%, the highest being
observed in 1987,

4 Clowd 1ype

RTNEPH analyses of the percentage of low-cloud
type was conducted for the entire northern Appalachian
domain, The doud types included stratus (st} strato-
cumulus {s¢), curmulus {cu) and cumulonimbus (cb),

Figure 11 shows the percentage of cloud occurrence
by type for the summer months. It is apparent that
strafus clouds are the predominant low cloud type. The
frequency of stratus clouds peaked in 1985 at nearly
63% and then dropped substantially in both 1986 and
{987, The percentages of both stratocumulus and cu-
mulus ranged from 3% to 10% during this period and
showed less interannual variability, The amount of cu-
mulonimbus clowds were neghigible during the 3-vear
period. By combining alt four cloud categories, Tow
clouds were present 75% of the time in the summer of
1985, 6% in 1986 and only 51% in 1987,

The same analysis for the winter months (not
shown } indicated a similar percentage of averall cloud

46

30

Cloud
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Frs. 10, Mean cloud cover by hour over entite Appalachian grid.
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Cloud Type

FiG. 11, Porcent cload cecurrence by type (summer ondy),

frequency. There was, however, an annual increase of
roughly 5% for stratus and a similar decrease for the
cumulus type. The percentages of stratocumulus re-
mained essentially unchanged from summer to winter.

e Vertical distribution of clowdiness

The importance of determining elevations which are
most likely to experience cloud impaction has been
previousty discussed. This section presents RYNEPH
regional and grid-specific results of cloud probabilities
versus height.

Figure 12 presents the relative probability of low
cloud for the northern Appalachian region during the

2000 B
800
1800
1400
Hoight o0
(my 1000
800
600
400
200

summers of 1985 through 1987, Cloud-base height
during this period was found to average between 00
and G00 m. This height interval agrees with the findings
af Warren et al. {1986} who determined an average
cloud base of 800-900 m for stratus/stratocumulus
during the 197181 period. This typical cloud base
combined with cloud thickness produced the results
shown in Fig. 12. The probability of cloud ay a function
of elevation was largest in a range between 900 and
1300 m with a maximum at {00 n.

The results in Fig. 12 contrast with the findings &1
both Whitetop and Whiteface presented eardier and
with other estimated mountaintop cloud distributions.
‘The mountaintop results suggest a continued increase

o i i Fy iy 3
¥ ¥
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. On a seasonal basis the maximum probabilities are
in cloud frequency well above the 1100 m peak derived
from regional reports. This discrepancy highlights both
the effects of orography in producing cloud on moun-
tains and also the difficuity in making site-specific cloud
estimates using regional observations.

The probability of cloud as a function of height and
season was analyzed for grid cells near three of the

ity of cloud by helght an
“hased on RTNEPH results

MOCCP sites. The results for Whiteface, Moosilauke and
Shenandoah are presented in Figs. 13--15, respectively.
It should be kept in mind that RTNEPH cloud height
values apply to relatively large-scale elements in the
general vicinity of the referenced moumains and are
not necessarily representative of site-specific cloud ele-
vations, Near Whiteface the highest annual cloud
probabilities are within a broad range from 800 o 1600
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F1G. 15, Probability of cloud by height and ssason at Moostlauke, New Hampshive
based on RTNEPH results (1983873,
aned e - o .
oty observed during the winter at an elevation of approx-
:ghi _ imately 1000 m. Puring the summer and fall the prob- {
the abilities are several percent lower, consistent with a
are decline in synoptic-scale activity, and the maximum
clo- occurs al an elevation between 1300 and 1400 m. Cloud
,}M probabilities ncar Moosilauke increase sharply above

600 500 m to a peak between 1000 to 1100 m during all
four seasons. An abrupt decrease in cloud probability
aeeurs above 1300 m. Cloud is most frequently ob-
served during the summer months. Results from Shen-
andoah indicate that cloud probabilities are roughly
half those near Whiteface and are strongest in the 800~
1300 m range, particularly between 1000 and 1100 m.
Again, the highest probability was observed during the
summer months.

Figure 16 presents the location of three transects of
cloud probability across the Appalachians for the sum.
mers of 1985-87 using the RTNEPH database. These
transects were chosen $o as to complement the site-
specific vertical distributions presented above. The in-
dividual plots are presented, from north to south, in
Figs. 17~19, respectively. The northernmost cross sec-
tion spans from 70° to 78°W at a latitude of 44.5%N, !
while the second is located approximately 83 km to |
the south and covers nearly 5¢ longitade (70°-753°W 3. ;

s,

The final transect is along a line from eastern West "%‘ L
Virginia across northern Virginia. The vertical dimen- i 5
sions of all cross sections are (-2 km, Finaily, the lo- I %5“

cations of other mountains near the transects are pre- [N o

Sem?d for mfem‘nm purpqses. . . Fra. 16, Locations of tramsects of cloud probabifity using the
Figure 17 indicates a zone of maximum cloudiness  RTNEPH database. (Darkencd areas depict land areas above

at a height of 800-1000 m from southern Ontario 830 m)




1160 IOURNAL OF

22U

APPLIED METEOROLOGY

Vou (e Hi

lkm _

15

Nn-...._,......, e i A

M_M_WSMM

e — /

1 1 e 3 13 H j 3 i
TR _ & F- 4 A F Y S
US-Canada Whitetace Moud  Mount
Baorder Mounlaimn Manshielkd Washington

Fi. 17, Summer { 1985-87 }—probability of cloud cccurrence (RTNEPH data) for the west-
eagl transcet across the sorthern Appatachians at approximately 44.5°N. Cross section represents

a height of §-2 km and width of 70°-78°W.

provinge across the norihern Adirondacks into the
Cireen Mountains of Vermont. The zone Lifts {o near
1208 m across New Hampshire and to near 1600 m
over southwestern Maine, Figure 18 spans the central
Adirondacks and the Mount Moosilauke area, The
trends in cloudiness along this transect are similar
across New York, Vermont and New Hampshire, This
suggests that the preferred zone of cloudiness over the
hxgh moumiain regions of the northern Appalachians
is between 800 and 1200 m, with atendency for clouds
in the lower portion of the range over the Adirondacks
and Green Mountains,

The results in Fig. 19 suggest a slightly higher zone
of preferred cloudiness— 1000 to 1400 m—over the
higher mountains of West Virginia, but a lowering of
the zong into the 7001000 m range east of the Ap-
palachians major axis. It is likely that the lowering of
the zone on the eastern end of the transect is in response
ter the influence of fow-level cloudiness off the Atlantic,

6. Summary and conelusions

The tow-cloud characteristics of the Appalachian re-
gion have been described using two unique cloud da-

Z2hkm

tasels, site-specific findings from the MCCP and re-
gional results using the RINEPH archives. MUCP data

indicate that the higher Appalachian peaks (= 1400 m)
were in cloud an average of 29% to 37% of the time
during the summer 1936--88 period while peaks near
HO00 m experienced cloud 11%-19% of all hours. Year-
reund d&h from one am,, Whltctop Meountain, rev taiui

greater n.quency of cloud at mght in contrast to a
prcdommance in the afiernoon over surrounding fower
terrain. The magmmdc of the diurnal trend appeared
to he reduced in 1988 in response to widespread
drought conditions. Regional cloud observations sug-
gest that the drought resulted in 5% less cloudiness
throughout the southern portion of the MCCP network,
while more normal cloud amounts were ebserved in
the northern Appalachians,

‘The RTNEPH regional-scale database indicates that
stratus is the dominant low-cloud type in the Appa-
lachian Mountain region. Is typical cloud-base ele-
vation 15 700-900 m. This cloud base combined with

F-Y
Adirondack Mins,

L
75N

Green Ming. ML Moosilauke

Fi. 18, Summer { [985-87)—prohability of cloud securrence {RTNEPH data) for the west-
east transect across the northern Appalachians a5 approximately 43.5°N. Cross section represents

a height of 0-2 km and width of 70°-73°W.
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The cloud results from this study imply that high
clevation forests (> 800 m) are susceptible o significant
periods of cloud-water deposition. Forest canoples near
1100 m may be particularly vulnerable to adverse ef-
fects from cloud water since this elevation zone is typ-
really just above cloud base where concentrations of
major ions are found to be highest.

Future site-specific studies of forest decline nead to
determine the primary cloud-producing mechanisms
in the region of interest, for example, the frequency of
regional versus orographic cloud, In addition, detailed
cloud-hase measurements over an extended period of
time would prove useful in determining the distribution
of cloud water on a particular mountain.
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