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1.  Introduction  

 The Ross Island Meteorology Experiment (RIME) 
plans to study the synoptic and mesoscale 
phenomena along a high-latitude, steep and 
complex coastline (RIME Workshop Guideline, 
http://www-bprc.mps.ohio-state.edu/). A key 
component of RIME is model validation and 
improvement of physical parameterizations.  The 
Ross Island region is impacted by vigorous storms 
approaching from the northwest, air-sea 
interaction over the Ross Sea, air-ice interactions 
over the Ross Ice shelf, topographic forcing near 
the coastline, and katabatic flow and other 
influences from the Antarctic interior. In short, the 
meteorology of the region is complex and affected 
by a large variety of physical processes ranging 
from the continent-scale, to the local scale.  Some 
of the phenomena that will be encountered near 
Ross Island are likely similar to those measured 
and documented elsewhere in polar or coastal 
environments.   

NOAA's Environmental Technology 
Laboratory (ETL) has made atmospheric 
measurements at the South Pole and during 
several Arctic research programs.  The Arctic 
programs include the Lead Experiment 
(LeadEx92) in the Beaufort Sea (March –April 
1992), the Surface Heat Budget of the Arctic 
Ocean (SHEBA) project in the Beaufort and 
Chukchi Seas (Oct. 1997-Oct. 1998; Perovich et 
al. 1999), and the Arctic Ocean Expedition near 
the North Pole (July - Aug, 2001).  Wintertime 
coastal studies of landfalling storms have been 
done along the U.S. West Coast in the California 
Landfalling Jets Experiment (CALJET, 11/97-3/98) 
and the Pacific Landfalling Jets Experiment 
(PACJET, Jan-Feb, 2001) (Ralph, et al 2001).  
Some of the significant physical processes and 
phenomena observed during these field programs 
and likely relevant to RIME will be presented in 
this paper. Lessons learned from the 
measurement methodology, data analysis, and 
numerical    modeling    of    the    processes    and 
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phenomena will be discussed, including 
measurement omissions in these programs.  The 
capabilities of various surface-based remote 
sensors for deployment in polar regions was 
reviewed by Neff and Gottas (Cassano and 
Everett 2000). 

 
2.  SHEBA 

The SHEBA field program was conducted on a 
drifting, multi-year ice floe many hundreds of 
kilometers from land.  The floe was initially well 
within the Arctic pack ice, but its track and the 
strong subsequent melt placed it fairly close to the 
marginal ice zone by the end of the following 
summer.  The conditions at SHEBA are probably 
most like conditions over the Ross Sea and away 
from the Antarctic continent. Hence, they might 
represent upwind conditions for the Ross Island 
area.  The main objectives of SHEBA included 
measuring all parameters affecting the surface 
energy budget in a column from the ocean, 
through the ice/snow and into the atmosphere 
(Uttal et al. 2002), and using these to improve 
global climate model representations of the Arctic 
environment.  These measurements included 
oceanic turbulent fluxes, snow and ice mass 
balance measurements, snow and ice macroscale 
and thermodynamic properties, all surface energy 
budget terms, atmospheric turbulent fluxes, cloud 
macroscale and microphysical properties, and the 
general atmospheric kinematic and 
thermodynamic structure. 

2.1 Cloud measurements 
Cloud macrophysical measurements (cloud 

boundaries, heights, layering, presence of liquid or 
not) were derived from ETL's K-band cloud radar 
and DABUL lidar due their complimentary signal 
properties (Fig. 1).  These measurement have 
provided an annual cycle of observations 
important for climate studies (Intrieri, et al 2002a), 
and have also provided valuable data for use in 
physical process studies.  The year-long cloud 
fractions indicate that clouds were even more 
prevalent than previous climatologies suggested, 
and that liquid phase clouds occurred in shallow 
layers at temperatures below –30oC.  In December 
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and January, 30% of the clouds contained layers 
of liquid water, as did 80% of the clouds in August.  
For the Ross Island region, the detection of layers 
of supercooled liquid water would be extremely 
important for 1) nowcasting and forecasting for 
aircraft operations, and 2) the understanding of 
cloud formation, precipitation, and radiation 
processes. 

 
Fig. 1. Time-height sections of a) cloud radar 
reflectivity and b) lidar depolarization ratio from the 
SHEBA site.  The two instruments yield different 
measurements and are complimentary (from 
Intrieri et al, 2002a) 
 

 
Fig. 2. Ice water content (a, b) and cloud particle 
mean diameter (c, d) retrieved from a mutli-
spectral, multi-instrument  method (a,c) and from a 
cloud-radar-only retrieval technique (b,d) (from 
Matrosov et al 2000). 

 
Cloud microphysical properties have been 

derived from the cloud radar, lidar, and microwave 
radiometer measurements.  By the use of various 
multi-spectral, multi-instrument, retrieval 
techniques, cloud ice water content, liquid water 
content, and mean particle diameters have been 

derived (Fig. 2; Matrosov et al 2001). These 
retrievals are being validated with aircraft 
measurements, showing mostly successes of the 
techniques.  The retrievals will be useful for input 
to radiative transfer models and for validating 
microphysical parameterizations in mesoscale 
models. 
2.2 Surface measurements and physical 
processes 

The Atmospheric Surface Flux Group (ASFG), 
including ETL, maintained a site at the main 
SHEBA ice camp.  At this site, turbulent fluxes of 
sensible heat, latent heat and momentum were 
measured with sonic anemometers at 5 levels on 
a 20-m tower.  Mean winds, temperature, and 
humidity were also obtained.  In addition, 
measurements of the 4-component broadband, 
radiative fluxes were made on a smaller mast. 
Various devices to measure surface temperature, 
a sodar, two precipitation gauges, and a 
scintillometer were also deployed.   Snow and ice 
temperature profiles, mass balance 
measurements, and surface albedo transects were 
done nearby.  The annual cycle of the surface 
energy budget and the atmospheric surface-layer 
structure at this site has been documented 
(Persson et al 2001). 

Although SHEBA focused on the annual cycle 
of the various surface energy budget terms, the 
analyses have clearly shown the importance of 
synoptic and mesoscale events for determining 
the annual cycle and for triggering transitions 
between major seasonal regimes. As an example, 
the surface measurements combined with 
rawinsondes and the cloud observations show the 
significance of short-term cloud forcing for the 
near surface environment (Persson et al 1999).  
Large (6-18�C) wintertime thermal transitions 
occurred approximately every fourth day, and 
were due primarily to longwave radiative effects 
from shallow clouds produced near the top of the 
Arctic inversion by synoptic or mesoscale 
disturbances (Fig. 3).  Because the radiative flux 
allows the atmosphere to the tap the large thermal 
gradient of the Arctic inversion, the change in 
surface temperature with each event is much 
greater than the change in temperature associated 
with the disturbance at the top of the inversion. 
That is, when it becomes cloudy, the surface 
quickly attains radiative equilibrium with the cloud 
near the top of the inversion, as seen by the near-
zero surface net longwave flux.  An important 
aspect is that the cloud with a temperature of -15 - 
-25�C, contains layers of liquid water giving it an 
emissivity near 1.  

Each warming event is also associated with a 
pressure check (not shown), and half of these 
pressure checks are only a few millibars, 



 

 8

suggesting a significant contribution from 
mesoscale disturbances. These intermittent 
warming events force responses in the 
atmospheric turbulent fluxes and surface 
conductive fluxes (Fig. 4). The surface sensible 
heat fluxes were near zero or positive during the 
warming events or strongly negative during the 
cold periods. Hence, surface-based mixed layers 
occurred 25% of the time during the winter. 
Conductive fluxes produced temperature 
increases to depths of 1 m in the ice with these 
events.  

 

 
Fig. 3. Time series of a) sky temperature (Tsky), 
surface temperature(Tsr), ice/snow interface 
temperature(Tice/snow) and the air temperature in 
the upper portion of the Arctic inversion (Tin, and 
b) the incoming (LWd) and net (LWnet) longwave 
radiation at the surface.  The vertical dashed 
arrows mark the warming events.  

 
Using these measurements on a longer time-

scale along with a radiative transfer model, the 
cloud forcing on the terms of the surface heat 
budget during the course of the SHEBA year was 
evaluated (Intrieri et al 2002b).  The result is that 
clouds act to warm the ice surface during the 
entire year, except for a few weeks after the 
summer solstice.  That is, the ability of clouds to 
trap longwave radiation is more important to the 
surface energy budget than is their ability to reflect 
shortwave radiation. 

The mean neutral drag coefficient (CD) over all 
levels at the 20-m tower has been estimated to be 
1.5 x 10-3, but the measurements have revealed 
vertical and temporal variations (Andreas et al, 

2001; Persson, et al, 2001).  The vertical 
variations indicate that the surface roughness of 
the larger "footprint" of the top level was a factor 2 
greater than that of the bottom level.  This makes 
sense, as the tower was sited on a relatively 
smooth ice floe, but the ice surface became 
rougher at 1-2 km distance in the predominant 
wind direction.  The year-long series of monthly 
averages indicates that CD increased slowly from 
1.1x10-3 to 1.5x10-3 during the winter, probably 
due to snow ridging from drifting snow.  In May, CD 
increased more rapidly, peaking at a value of 1.9 
x10-3 in August This summer increase is probably 
explained by the formation of abrupt edges as 
leads and meltponds developed.  

 

 
Fig. 4. Scatter plot of hourly LWnet versus a) 
sensible heat flux (Hs) and b) friction velocity (u*) 
for the Arctic night.  The mean values of each for 
the cold and warm regimes are marked at their 
corresponding LWnet values of -40 W m-2 and 0 W 
m-2, respectively. 

  
The apparent effects of gravity waves on the 

sonic anemometer cospectra have forced us to 
reprocess the turbulence data.  Instances of 
spectral peaks occurring at the low-frequency end 
of the cospectra (periods of 3-13 min) have been 
noted, with near-zero contributions from the high-
frequency portions. Removal of these non-
similarity effects tends to remove negative surface 
stresses under highly stable, weak wind conditions 
and produce more consistent flux profiles. As a 
result, we expect that our planned improvement of 
flux parameterizations will encounter less 
uncertainty due to data scatter.  Future studies 
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should reveal how prevalent these gravity waves 
are, if they make an important contribution to the 
surface fluxes, and, if so, how best to 
parameterize their effects.  These issues may be 
important for modeling the environment of the 
Ross Island environment and the Antarctic interior. 

The near-surface environment over the Arctic 
pack ice in SHEBA was observed to be near ice-
saturation during nearly the entire year (Andreas, 
et al 2002).  With the use of some simple models, 
we have suggested that this is due to the moisture 
flux from open leads combined with the strong 
radiative cooling over the ice.  This fact has direct 
logistical consequences. Riming on instruments 
occurs frequently, as do low-level clouds and 
diamond dust.  Additionally, humidity sensors are 
notoriously inaccurate in a cold, near-saturated 
environment, often unable to discriminate between 
unsaturated, saturated, and supersaturated 
conditions.  Sensors should be chosen with care 
and calibrated carefully.  Post-experiment cold 
chamber tests suggest that our Vaisala HMP235 
probes performed best of the sensors deployed, 
though further tests are needed to determine if 
they were able to consistently discriminate 
between saturated and supersaturated conditions.  
This problem needs to be considered over the 
Ross Sea.  

2.3 Relevant modeling results 
ETL has begun modeling the pack ice 
environment at SHEBA using the Penn 
State/NCAR Mesoscale Model (MM5) with 
modifications for the Arctic. Because the lack of 
boundary-layer vertical resolution has been shown 
to be a problem for operational models in the 
Arctic (Bretherton et al, 2002) and because the 
focus of the modeling is on boundary-layer 
processes, our version uses over 30 levels below 
1.5 km.  In tests, the RRTM (Mlawer, et al 1997) 
radiation scheme has been shown to produce 
better downwelling long wave radiation (LWd) than 
the Dudhia (1989) scheme (Table 1 and Fig. 5a).   
Tests are currently being done on the 
requirements for the boundary-layer scheme.  
Surface-flux parameterizations are obviously an 
issue, as is the method for vertical redistribution of 
the boundary-layer constituents.  

It has been found that the treatment of the 
lower boundary over the pack ice has greater 
impact on the simulations of the near-surface 
temperature than does choosing between PBL 
schemes (Table 1 and Fig. 5b).  A surface model 
consisting of realistic, multi-layer representation of 
both the ice and the snow is necessary, with a thin 
(e.g., 5 cm) top snow layer.   With  thicker  surface 

Table 1. Longwave radiation, surface model 
configuration and boundary layer parameterization 
for five SHEBA wintertime MM5 simulations. 

 
Exp. LWRAD SURFACE PBL 
HIRES Dudhia 

(1989) 
5-layer ice, 
(30 cm each) 

Blackadar 

RRTM RRTM 
(Mlawer 
1997) 

5-layer ice, 
(30 cm each) 

Blackadar 

"2.24e-
7" 

RRTM 5-layer snow, 
(30 cm each) 

Blackadar 

3snw RRTM 3-layer snow 
(5, 10, 15 
cm) 
2-layer ice 
(30 cm each) 

Blackadar 

bt_3snw RRTM 3-layer snow 
(5, 10, 15 
cm) 
2-layer ice 
(30 cm each) 

Burk-
Thompson 
(1989) 

 

 
Fig. 5. Observed and modeled a) incoming 
longwave radiation and b) surface temperature for 
a January week at the SHEBA site. 

layers, the surface and lower atmospheric 
response to cloud-forcing events, indicated by the 
spikes in LWd, is significantly damped.  The errors 
in timing are due to other problems and should be 
ignored.  

Finally, the modeling work at ETL has shown 
the value of carefully selecting simple cases to 
isolate individual parameterizations, and the 
necessity of validating individual flux terms or 
processes rather than net fluxes or results of a 
sequence of processes.  For example, obtaining 
an improved incoming long wave radiation using 
the RRTM scheme increased the error in the 
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surface temperature and appeared at first glance 
to be a deleterious change.  However, this error 
was then corrected by improving the surface snow 
and ice model.   

2.4 Lessons learned 
At least two measurement omissions have 

caused difficulties in the analyses of SHEBA data.  
The first is the lack of spatial observations of 
atmospheric structure.  Much of the SHEBA model 
physics development is being done with single-
column models, which require the knowledge of 
the advective component of a specific parameter.  
In SHEBA, the advective components were 
determined from operational ECMWF runs, which 
were saved for the column over the SHEBA site.  
Relying on these model-derived advections are 
causing significant difficulties in validating single-
column models because the errors in the ECMWF 
horizontal advections are often as large or larger 
than the tendencies from the physical 
parameterizations in the single-column models 
(Pinto, et al 2001). In hindsight (which is of course 
20-20), an array of rawinsondes centered on the 
SHEBA site would have made the post-analysis 
much easier, but was deemed to be too expensive 
and difficult to deploy and maintain during the 
SHEBA field program.  Such an array would also 
have provided better synoptic and mesoscale 
context for the observed local-scale phenomena.  

A second omission during SHEBA is the lack 
of aerosol profile measurements.  The radiative 
transfer models that are being tested with the 
SHEBA data require an aerosol input.  For short 
wave radiation and even for long wave radiation 
during the dry Arctic winter, the uncertainties in 
aerosol concentrations can produce errors of 10's 
of W/m2, comparable to or larger than differences 
between various radiative transfer models.  In 
addition, the lack of ice condensation nuclei at 
SHEBA inhibits the understanding of conditions 
with possible large supersaturations during the 
winter. 

 
3. LeadEx92 and AOE-2001 

For LeadEx92, the effects of leads on the 
springtime, pack-ice environment were measured 
with basic meteorological instrumentation, sonic 
anemometers, minisodars, and portable sounding 
units (Ruffieux, et al 1995).  The results showed 
measurable but small temperature effects 
downwind of a 100-m wide lead, but large sensible 
heat flux effects.  The effects on the surface 
sensible and latent heat fluxes continued even 
after ice started forming over the lead. The 

enhanced turbulence was noted to 60 m height 
with the minisodar.  Over a multi-year ice floe 
away from the leads, monthly averages of 
momentum and sensible heat flux transfer 
coefficients were obtained. The importance of 
synoptic events for modulating the surface 
turbulent fluxes, and the surprisingly large 
springtime diurnal temperature and stability cycle 
were also noted during this experiment and 
reemphasized in the SHEBA analyses.  

In the Arctic Ocean Expedition-2001, ETL's 
main objective was to obtain high temporal 
resolution measurements (10-min or less) of the 
late summer Arctic boundary layer structure near 
the North Pole.  These are needed to help 
interpret observations of large but intermittent 
changes in aerosol concentrations. Enhancements 
to the 6-hourly rawinsonde observations were 
obtained with a 915 MHz wind profiler and two 
Doppler sodars for wind measurements, a 
scanning 5-mm microwave radiometer 
(Westwater, et al 1999) for temperature profiles in 
the lowest 400 m, and a S-band radar for cloud 
detection.  The University of Colorado also 
deployed a tethered balloon and kite system to 
measure the boundary layer thermal and 
kinematic structure.  The deployment of this suite 
of sensors for boundary-layer measurements in 
the Arctic is unique. The use of a 915 MHz wind 
profiler was only justified because of the relatively 
warm summertime temperatures (higher absolute 
humidities), as they generally perform poorly in 
cold conditions [e.g., Neff and Gottas in Cassano 
and Everett (2000)].  No results are yet available 
from this field program, as it ended at the end of 
August, 2001. 

 
4. CALJET and PACJET 

A primary objective of CALJET and PACJET 
was to study the mesoscale structure of landfalling 
wintertime storms, documenting their interaction 
with the steep coastal topography leading to 
strong winds and heavy coastal precipitation. The 
studies focused on the low-level jet (LLJ). These 
programs have an operational component where 
the observations are disseminated to operational 
forecast offices for their use and evaluation. The 
observational platforms include an array of 915 
MHz wind profilers along the coast and on 
offshore islands, the NOAA P-3 aircraft, a mobile 
sounding unit, and special and operational surface 
sites, including coastal buoys.  A special 
microphysics array included colocated profilers, 
ceilometers and S-band Doppler radars at a 
coastal site and at a site in the downwind coastal 
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mountains. Two examples of observed 
phenomena will be presented.  The first shows the 
modulation of frontal structure and precipitation by 
a barrier jet in the California Bight.  The second 
shows gap flow producing a trapped barrier flow, 
leading to modulation of the coastal precipitation 
pattern. 

The coastal region of the California Bight has 
steep orography, especially on its northern end 
where the Santa Ynez Mountains reach elevations 
of over 2000 m. As strong southerly winds 
developed with the approach of cold fronts from 
the west, significant low-level westward deflection 
of this flow occurs in the Santa Barbara Channel 
(Fig. 6).  The depth of these barrier winds and the 
amount of turning can be determined by 
comparing the windprofiler wind directions at 
coastal stations along the northern bight with 
those at an  offshore island (Fig. 7).  The depth of 
the turning of the wind is near the minimum 
coastal mountaintop height of 1.1 km.  The 
magnitude of the vector difference is 6-12 ms-1 
(not shown). This turned, low-level, front-
perpendicular flow was observed to perturb the 
approaching front, producing waves along its 
length, and retarding its movement at low levels 
while the upper portion continued moving 
eastward (Fig. 6).  The consequence of this 

 
Fig. 6.  Mesoscale analysis of sea-level pressure 
(thin solid) and the three main frontal features 
present at 12 UTC Feb. 3, 1998 in the California 
Bight.  Surface barbs are shown.  The dotted line 
c-c' shows the location of a cross-section to be 
presented at the workshop.  The location of three 
profiler sites GLA (G), USC (U), and SCL (S) are 
shown in red, and the crucial region of terrain 
higher than 1000 m is cross-hatched. 

 
Fig. 7. Six-hour averages of wind direction in the 
prefrontal environment at the wind profiler sites 
along the coast (GLA and USC) and on an 
offshore island (SCL.).  The locations of these 
sites are shown in Fig. 6. The shading shows the 
minimum height of the mountain barriers just to 
the north of GLA and USC. 
 
decoupling was a destabilization of the air ahead 
of the retarded low-level primary front because of 
the cooling behind the primary front aloft. 
Subsequently, as this air was lifted over the 
coastal mountains, strong convection with 
torrential rains was initiated, producing flash 
flooding.  The eastward movement of the low-level 
jet ahead of the decoupled low-level portion of the 
front was slowed as well, contributing to the low-
level upslope flow.  Though deep convection isn't 
likely in the Ross Island region, similar turning of 
low-level flow, vertical decoupling, and frontal 
deformation and retardation are likely. 

Along the central California coast north of San 
Francisco Bay, flow from the California Central 
Valley through a gap in the coastal mountains 
produces a region of lower potential temperature 
that is trapped against the coastal mountains 
further northwest (Fig. 8).  This trapped flow is 
about 300-700 m deep.  With southerly and 
southwesterly winds associated with landfalling 
fronts, the coastal lifting begins 50-80 km offshore 
rather than right at the coast.  Hence, when this 
trapped, cooler, low-level flow is established, lifting 
is initiated far enough offshore to produce heavy 
precipitation at the coastal sites as well as in the 
mountains.  When blocked flow isn't present, only 
the mountain site receives heavy precipitation. 
With the steep complex coastal orography with 
significant gaps near Ross Island, similar 
phenomena should be expected.  In fact, the 
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events near Antarctica are likely to be much more 
extreme, as the air from the interior will be more 
stable with larger thermal gradients than that 
observed in California. 

 

 
Fig. 8. Surface potential temperature along the 
central California coast at a) 21 UTC, Jan. 28 and 
b) 00 UTC Jan. 29, 1998.  Also shown are the 
surface wind barbs at the coastal and buoy sites 
and, in a), the offshore 65 m winds as measured 
by the P-3 aircraft.  

5. Conclusions 
The physical process and mesoscale 

phenomena to be expected for RIME will likely 
have similarities to those measured by NOAA/ETL 
in other polar and mid-latitude regions of the 
world.  However, significant differences will 
undoubtedly be observed.   In RIME, the synoptic 
systems will likely be more vigorous than those 
seen over the Arctic regions because of the 
vigorous systems in the "Roaring 50's" of the 
southern hemisphere.   In addition, the pack ice in 
the Ross Sea may have a different effect on the 
atmosphere than does the Arctic pack ice because 
of different ice characteristics. The frontal 
modification by the terrain was not an issue in the 
ETL Arctic measurements, and in RIME it will be 
more extreme than that observed in California 
because of the greater low-level stability and 
different scale of the topography.  This should lead 
to different Froude numbers, and probably greater 
decoupling.  Also, because of much greater 
cooling and altitude in the Antarctic interior, the 
impact of katabatic flows and gap flows should be 
at least greater if not different than observed along 
coastal California. 

The determination of instrumentation and 
measurement strategies must consider both the 
similarities and differences in program objectives 
and physical processes between RIME and other 

field programs. Hopefully, the examples presented 
here will be of help.  
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