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ABSTRACT: The intent of this study is to investigate the formation and organization of Arctic stratiform clouds due to their critical role as a climate forcing mechanism in a warming Polar Basin as well as their impact upon the glacial mass balance.  For four weeks in the summer of 2005, meteorological and insolation data were collected at the high-arctic glacier Linnébreen in Svalbard, Norway as part of an NSF funded Research Experience for Undergraduates program.  The first portion of this project involves modeling the atmospheric circulation over several nested domains; these domains are scaled from the western Atlantic Arctic region down to the 1km-scale resolving the glacial melt-water basin using the Polar Fifth Generation Mesoscale Model (Polar MM5).  Cases were selected based upon dates preceding significant glacial ablation events.  The second component of this research focuses upon correlating glacial ablation data with the meteorological observations.  With the assistance of the Polar MM5 it is possible to simulate these occurrences, which reveal the moisture and temperature advection as well as the heat budget for the Svalbard region.  
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1. INTRODUCTION

Clouds introduce some of the greatest uncertainty in current climate models as they affect both the planetary albedo and the net global radiation budget.  It is also well reported (IPCC, 2001) that water vapor is one of the most dominant of the greenhouse gases thus implying that clouds are a major climate forcing mechanism.  The key difficulty in resolving clouds as an input parameter is the orders of magnitude difference between both the spatial and temporal resolution of the climate models and that of cloud development and occurrence. For resolving the radiative effects of clouds one needs to consider the height of the cloud; low clouds will be better at shielding the surface from incoming shortwave radiation (ISR) whereas high clouds will absorb and reflect very little solar radiation while retaining some of the outgoing longwave radiation (OLR) thus leading to an increase in net radiation at the surface. Distinct to the Polar Regions is the consideration of the seasonality of the cloud occurrence such that low clouds occurring during the polar night actually contribute to surface warming due to their retention of OLR.  Conversely the loss in net radiation at the surface is amplified during the polar summers (see days 170-250, Figure 1).  In considering
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Figure 1. Modeled annual cycle of the surface (shortwave,




Longwave and net) at 80º N. (reprinted in Hartmann, 1994)

the effect of clouds on the global albedo, their brightness and persistence as well as their location of occurrence (i.e. over land, ocean, or sea ice) need to be measured and approximated in order to improve the validity of the climate models.  Further complicating these issues is the fact that brightness is a function of aerosols, which serve as condensation nuclei.  Aerosols can be categorized by source (e.g. natural, anthropogenic), color (light or dark), size, roughness, and chemical composition (implying hydrophobic or hydrophilic surface).  Each of these characteristics would affect its role in the cloud microphysics.   Table 1 shows the estimated radiative forcing of clouds on both the energy budget and the albedo. 

[image: image2.jpg]Cloud Radiative Forcing as Estimated from Satellite Measurements

Average Cloud-free Cloud forcing
OLR 234 266 +31
Absorbed solar radiation 239 288 48
Net radiation +5 +22 -17
Albedo 30% 15% +15%

Radiative flux densities are given in W m~2 and albedo in percent, { From Har-
rison er al. (1990), © American Geophysical Union.]





      Table 1.  (from Hartmann, 1994)

Despite the rather benign storm activity associated with stratiform clouds, their distinctive long-temporal duration and wide spatial extent amplify their impact on the global energy budget.  Low clouds tend to both shield the surface from short-wave insolation as well as insulate the surface from emitting surplus long-wave radiation.  However the net result for stratus clouds is strongly negative with its prominent role decreasing insolation.  Analysis of Arctic climate dynamics necessitates an understanding of the interaction of a warming polar basin which would reduce sea ice leading to a subsequent increase in stratus deck formation due to moisture advection.  The objective of this study is to expand upon the observed meteorological and radiative parameters influencing the formation and development of stratiform cloud events in a High-Arctic maritime region during the summer of 2005.  Subsequently the effect these stratus events have upon the mass balance of an alpine glacier is addressed in relation to other known physical processes affecting glacial ablation.  The eventual intent of this study is to provide a context for those studying the impact of rapid warming trends in the Arctic regions, such that presumptions of a linear increase in warming can be tempered with the non-linear considerations which clouds contribute to the climate dynamics.


This paper will first provide a general overview of the climatology of Svalbard as well as the terrain and ocean currents affecting the climate dynamics.  Following this overview is a description of the project methodology including both the field and analytical components.  The results generated from numerical weather models for the fieldwork period will then be analyzed and discussed, focusing specifically on how the radiative and meteorological parameters affect the heat budget of Kapp Linné region.  The study continues with an analysis of the correlation of these parameters to the glacial mass balance of Linnébreen.  Finally the paper concludes with suggestions for further research and improvements to the field design.

2. CLIMATOLOGY
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     Figure 2.  Regions of the Arctic. (from Przybylak, 2003). Svalbard in box.

2.1 Atlantic Arctic Region

Following the geographic demarcations detailed in Przybylak (2003), the Arctic can be divided into seven regions (Figure 2) with Svalbard situated within the Atlantic Arctic Region, which encompasses both the Greenland and Barrents Seas.  The scope of this paper will limit this climatological overview to the Atlantic Arctic. While many distinct meteorological and radiative factors interact in the Arctic to produce the climate dynamics observed, this overview will focus only upon the surface energy budget and the tropospheric wind circulation, particularly its advection of temperature and moisture as these factors are the most prominent in stratiform cloud formation.    


The Atlantic Arctic is characterized as a maritime Arctic climate regime with high humidity, pervasive cloudiness and a narrow annual temperature range (Figure 3).  The general [image: image4.jpg](ww) vogeydioaiy
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 Figure 3. Mean annual cycles of surface air temperature, precipitation, cloud cover and downwelling shortwave radiation for Isfjord Radio, Svalbard. (from Serreze et al, 2005).

large scale air currents over the Atlantic Arctic are determined by the Winter Icelandic low and the orographic and radiative induced anticyclonic flow over the Greenland Ice Sheet and the central Arctic Ocean (Hanssen-Bauer, et al, 1990).  As a result of these stationary eddies, the prevailing winds over the Norwegian Sea to the south of Svalbard are primarily westerly or southwesterly resulting in warm moist air from the open ocean of the North Atlantic being advected northward towards Svalbard.  To the north of Svalbard the central Arctic High dominates the flow pattern resulting in easterly and northeasterly winds.  Over Svalbard these two contrasting air masses (warm/moist from the southwest and cold/dry from the northeast) converge, resulting in dramatic fluctuations in weather conditions, primarily during the winter when the pressure gradients deepen and the open ocean/sea ice differential amplifies the contrast between the air masses (figure 4).


The net radiative flux (ISR minus OLR) for the Arctic region is somewhat moderated (Figure 5) by the influx of the aforementioned sensible heat transport from the open-ocean as well as from latent heat release associated with transient eddies (particularly winter track storms) generated by the colliding air masses from the southwest and northeast.  It is worth noting that despite the twenty-four hour sunlight of the Arctic summer, the increase in cloudiness shown in Figure 3 during the summer months reduces the radiative flux such that it remains below the global average of 340W m-2; for the winter months, as expected, there is a net radiative loss across the polar basin. 

[image: image90.png]nd Use for Nordenskiold Land, Svalbard
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Figure 4. Mean sea level pressure (hPa) for the four mid-season months over the period 1970-99, based on NCEP/NCAR (from Serreze et al, 2005).  Circulation arrows are drawn in for the Atlantic Arctic Region. Svalbard in box.
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Figure 5. Mean monthly net allwave radiation at the surface (W m-2) for the four mid-season months based on data from the International Satellite Cloud Climatology Project. (from Serreze et al, 2005). Svalbard in box.

2.2 Nordenskiöld Land, Svalbard

Svalbard (Figure 6) proper is in actuality an archipelago, the largest island of which, Spitsbergen, lies just upstream from the terminus of the Norwegian and North Atlantic Drift Currents (which are essentially extensions of the Gulf Stream).  The area in which the field research was conducted is in the western portion of Spitsbergen known as Nordenskiöld Land (Figure 6).  Situated on the coast of Kapp Linné is Isjord Radio (lat. 78º 4’N., long. 13º 38’E., alt. 
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Figure 6. The “Lands” of Svalbard (from Harland, 1997).     Figure 7. Kapp Linné
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Figure 8. Isfjord Radio

5m), an historic radio and meteorological station (Figure 8) bounded by a fjord (Isfjord) on the north and the Norwegian Sea on the southwest.  This site served as the base for the field project.  With the notable exception of the World War II years of 1941-46, Isfjord Radio logged consistent daily weather reports from 1935 until its closing in 1975.  Thus as a maritime climate its location makes it particularly sensitive to fluctuations in sea currents and ice limits as well as the seasonal insolation and circulation cycles. As one would suspect the region experiences its most intense baroclinic instabilities during the winter months with a noticeable drop in precipitation, wind and temperature extremes during the summer months. As was suggested by the maritime Arctic regime, the diurnal temperature range shrinks in the summer due to the moderating effect of moist advection from the southwest, resulting in an increase in cloudiness and fog events (Figures 9a-c).  One factor contributing to the persistence of the fog events is the reduction in the wind intensity due to the slackening of the pressure gradient across the whole Arctic basin during the summer (Figure 9d and 4).  A complete climatological report and statistical database for Isfjord Radio is included in Appendix A.  
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Figure 9a. Average and extreme temperatures.  The top curve is the absolute maximum; next down is the highest monthly mean; middle curve is the average; next down is the lowest monthly mean; the lowest curve is the absolute minimum. (from Hanssen-Bauer et al, 1990).
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Figure 9b. Number of days with overcast sky; Isfjord Radio is highlighted. (from Hanssen-Bauer et al, 1990).
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Figure 9c. Frequencies of fog; Isfjord Radio is highlighted. (Hanssen-Bauer et al, 1990).
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Figure 9d. Days with max. winds > 6 Beaufort (strong Breeze); Isfjord Radio is highlighted. (Hanssen-Bauer et al, 1990).

3. METHODOLOGY
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Figure 10. Main weather station
             Figure 11. Terminal moraine weather station

3.1 Field-work

For a twenty-three day period (July 22 – August 15) in the summer of 2005, meteorological and insolation data was collected at shielded weather stations situated along the coastal, valley and glacial terrain of Kapp Linné as part of a National Science Foundation funded program (Research Experience for Undergraduates) operated in collaboration with University Centre in Svalbard.  The main weather station, located at the northern end of the glacial valley melt-water catchment (Linnédale Station: lat. 78º 1’N., long. 13º 52’E., alt. 40 ± 15m, Figure 10) recorded meteorological data including air and wet-bulb temperature, wind speed and direction, relative humidity, barometric pressure, liquid precipitation, and net shortwave radiation.  Three stations, one located at the terminal moraine (Figure 11) and two along the lateral moraine (middle lateral moraine: lat. 78º 58’N., long. 13º 54’E., alt. 150 ± 25m) on the western edge of  the 2.5km long glacier, Linnébreen, recorded only temperature and relative humidity.  

The field work entailed hiking out from the base camp at Isfjord Radio, east-southeast towards the lake, Linnévatnet, boating across to the southern shore, at which point the whole research group would break into teams of three focused upon various field projects including lake sediment and bathymetric work, river (Linnéelva) flow and sedimentation rates and glacial ablation measurements.  Due to the distance (approximately 13km to the top of the glacier from Isfjord Radio) the glacial measurements could only be conducted every other day.  These measurements included both hand measurements and an experimental automated measurement at the bottom, middle and top of the glacier (Figure 12).  
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Figure 12. Geo-rectified Linnédalen hiking path.


    Figure 13. Ablation stake 1.  From ice surface

Stars represent weather stations. Pins represent


    to hand-tip reveals the amount of ablation

ablation stakes.





    from last year.

The protocol for the ablation measurements involved using eight stakes drilled into the ice surface at 250 m intervals along the length of the glacier (Figure 13). From a mark measured from the top of each stake at the start of the field project, measurements were taken at approximately the same time every other day (roughly 13:00 local time at the lowest stake [henceforth referenced as Stake 1] up to the top stake [Stake 8] over a period of seventy minutes).  The measurement involved using a meter stick placed at the benchmark then measuring down to the glacial surface (which was approximated by a meter-long board placed on the ice surface straddling the melt cone at the base of the stake such that it would be aligned perpendicular to due north). 

[image: image19.jpg]



Figure 14.  Levellogger setup.  Support stake with bracket suspending the levellogger attached to the wire.

The automated measurements were performed as an experimental project which involved the use of levelloggers, automated lake/stream immersion gauges, drilled into the ice surface at about one meter from Stakes 1, 6, and 8 (Figure 14).  The holes in which the levelloggers were placed were off-set from the ablation stake such that run off from the ablation stake would not influence the readings.   Once activated the sensors would detect the glacial surface indirectly by measuring (once every thirty minutes) the pressure of the water column in the drilled hole (which needed to be corrected for fluctuations in atmospheric pressure).  As the glacial surface melted the capacity of the hole would decrease.  Every third or fourth hike up the glacier would necessitate the downloading of the data from the sensors so as not to overwrite existing data. The levellogger at stake 6 (situated at a mid-to-upper level of the glacier in a shadowed plateau region) failed early on due to its freezing within the bore-hole; thus these measurements were disregarded.  

3.2 Modeling
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Figures 15a-d. (a) - top left: Domain 1;  (b) – top right: Domain 2; (c) – bottom left: Domain 3; (d) bottom right – Domain 4.

The first portion of this project involved modeling the atmosphere over four nested domains (Figures 15a-d); these domains are scaled from the western Atlantic Arctic region (Figure 15a) down to the 1km-scale (Figure 15d) resolving the Linné glacier and melt-water catchment basin using the Polar modified Fifth Generation Mesoscale Model (Polar MM5) numerical weather prediction model. Model cases were selected based upon distinct meteorological events during the field period as well as for dates preceding significant changes to the measured ablation record (Figure 16). 
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Figure 16.  Hand measurements for ablation on Linnébreen with temperature on the middle lateral moraine in pink.

 Shaded areas represent simulation cases.  Case A: high insolation, warm and dry advection; Case B: low insolation, 

Variable moisture and temperature advection; Case C: low insolation, precipitation event; Case D: low insolation, moist and cold advection.

The second component of this research focused specifically upon correlating glacial ablation data (from ablation stake measurements and hourly automated level-logger data) with the fluctuating meteorological conditions.  As noted in Figure 16 the ablation of Linnébreen at each stake over an eighteen day period is plotted with temperature at the middle lateral moraine superimposed on the graph.  Additionally this plot shows nine distinct shaded regions classified as Case A, B, C, or D.  Each of these cases were selected for specific radiative (Case A) or meteorological conditions (B-D) and will be discussed at length later.  The selection of these cases was not limited to just atmospheric criteria but was also constrained by appreciable changes in the ablation rate throughout the glacier. With this constraint, the cases were chosen one day prior to an ablation events after which the observations informed which case the event would be categorized as.

GRIdded Binary (GRIB) files were downloaded from the National Climatic Data Center /National Center for Environmental Prediction (NCDC/NCEP) for the selected dates; these files contain Global Forecast System (GFS) numerical weather prediction (NWP) data for the period and intervals (3-hour) specified.  Numerical models offer the ability to analyze complex environmental systems in both spatial and temporal scales which would be difficult if not impossible to observe out in the field.  In the Arctic this aspect of computer models has enabled simultaneous and complex analysis of a data record beset with observational gaps and equipment failures throughout poorly distributed locations.  Additionally these models have been able to derive certain variables which even in the best conditions are difficult to measure such as evapo-transpiration and soil moisture.  Given the unique climate dynamics of the Polar Regions, the Polar MM5 would more accurately simulate High Arctic conditions since the standard MM5 was optimized for modeling in the mid-latitudes.    The Polar MM5 is a non-hydrostatic, terrain-following sigma-coordinate model that is designed to couple land surface models to sea ice and ocean models over a regional domain.  For this weather simulation model at the boundaries, the atmospheric variables are provided by output (e.g. wind or relative humidity at multiple levels) from NWP models (in this case the NCEP reanalysis model [from which the GRIB files were obtained]).  For this project the Polar MM5 was used to conduct an analysis by initiating the model with data from the GRIB files.  The model would then run through the requisite calculations for a three hour period before checking itself against the next set of reanalysis data such that the final output is an optimal blend of simulation and observation.  The key modifications of the Polar MM5 are revised cloud/radiation interaction; modified explicit ice phase microphysics; optimized turbulence (boundary layer) parameterization; implementation of a sea ice surface type; and improved treatment of heat transfer through snow/ice surfaces (Bromwich et al, 2005).  In defining the map projection one needs to designate polar stereographic as opposed to the standard Lambert conformal.  In order to resolve the conditions on the 2 by 0.5 km glacier of Linnébreen it required “nesting” of the model through four domains down to a 1 km2 resolution.  The model incorporated thirty-four sigma levels with the distribution concentrated towards the surface.  In order to accommodate the storage demands for the output files generated by these runs it was necessary to compromise on a temporal scale of three-hour intervals over the course of twenty-four hours.  

4. RESULTS

4.1 Horizontal Models

 To provide the context of the surficial geology, hydrology and topography read by the model, the land use for Nordenskiöld Land is charted on Figure 17a (Table 2 defines the various land use categories) while Figure 17b details the terrain of Kapp Linné.  The recorded  [image: image22.png]Terrain (m)
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field conditions for the weather station include temperature, insolation, precipitation, and relative humidity (Figures 18a-c, respectively); it should be noted that the relative humidity sensors and anemometer had malfunctioned and were not replaced until July 28 and August 9, respectively.  Conditions recorded on the glacier included temperature and relative humidity (for the terminal, middle lateral and upper lateral moraine, Figure 19a-b). It should be noted that the sensors at the terminal and upper lateral moraines failed to initiate for a majority of the project, until their replacement on August 9; additionally there is only relative humidity data from August 9 - 14.
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Table 2. Description of 25-category (USGS) vegetation categories and physical parameters for N.H. summer (15 April - 15 October) and winter (15 October - 15 April). From the PSU/NCAR on-line tutorial, chapter 4.
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Figure 18a. 2m air temperature at the main weather station (Linnédalen) with trendline.
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Figure 18b Insolation at the main weather station (Linnédalen) with 24-hour smoothed curve and trendline.
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Figure 18c. Precipitation at the main weather station (measured by automated tipping bucket with no wind baffle). Segmented bars show incremental amounts recorded by the tipping bucket (which sampled every 30 minutes).
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Figure 18d. Dewpoint and relative humidity at the main weather station.  
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Figure 19a. Glacial 2m air temperatures (Linnébreen).
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Figure 19b. Relative Humidity above Linnébreen for the upper and middle lateral moraines only.
It was shown that there was a rough correlation between the main weather station at Linnédalen and the middle lateral moraine on Linnébreen (Figures 20a-b).  Here it is important to note that the temperatures trend similarly (Figure 20a) yet when the Pierson Coefficient is calculated the two stations show a only a fair-to-poor value of R = 0.4238 (Figure 20b).   This comparison was 
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Figures 20a-b. (a) – left: Temperatures at both Linnédalen (red) and Linnébreen (blue); (b) – right: correlation of temperature for both stations.

performed due to the working assumption that the weather station served as an adequate proxy for the entire region, despite the distinct microclimates.

Verifying the integrity of the model output are automated station records and field observations; satellite images were unattainable at consistent intervals due to the limitations of polar orbiting satellites.  On visual inspection the simulations model temperature to within ±2ºC with the automated observations at the Linné valley weather station and to within ±5ºC with the automated observations on the glacier.  The models have shown an order of magnitude positive bias for precipitation (cm vs. mm); however the precipitation patterns do hold up to field observations in the valley-catchment system.  Cloud cover and fog events appear spatially correlated to field observations yet have shown a slight temporal lag (~3-6 hours) in the formation of significant fog events. Due to the poor spatial distribution of observation data points a regional statistical analysis of the model run is not possible.   In Figures 21-23, three distinct cases are presented for contributing to changes in the rate of glacial ablation, namely radiative effects (high insolation, low relative humidity, and warm air advection [Figures 21a-c respectively]), sensible heat release (from precipitation, Figure 22) and latent heat release (moisture advection and cold air advection [Figures 23a-b]).  Admittedly combinations of these parameters are the norm.  The locations of the main weather station and the middle lateral moraine station are marked on most of the figures.  One fortunate outcome of the Arctic summer is a low diurnal temperature differential that assisted in eliminating temperature alone (through molecular and eddy conduction) as a key variant (i.e. the temperature range amongst all the cases over four weeks was 6.6ºC, see Figures 18a and 19a); however the summer of 2005 was an anomalously warm summer (+4ºC for Svalbard, Figure 24) leading to a record-setting minimal sea ice coverage (Figure 25) from the 50-year record.  

In discussing case events, this study considers four distinct meteorological and radiative cases: A: high insolation, dry and warm advection; B: low insolation, variable temperature and moisture advection; C: low insolation, precipitation event; D: low insolation, moist and cold advection.  Case A (June 24, 2005) involves not only downward shortwave radiative transfer (Figure 21a) but also the horizontal advection of warm air (Figure 21b) into the glacial catchment system; this warm advection, in conjunction with (a slight) negative moisture flux (Figure 21c) assists in raising the evaporation/sublimation rate. Of particular note are the high radiative values modeled for this date (> 500W m-2 versus the global average of 340 W m-2).  These values far outweigh the fluxes occurring due to sensible or latent heat (Figures 39a-b and 40a-b).  The summer season in Svalbard is characterized by persistent cloud cover due to the advection of moisture and warmth from the open ocean, hence unfortunately there was only one observed “A” event.  Case B (not displayed) involves non-radiative ablation under cloudy, non-precipitating events, essentially the aforementioned conduction case. Generally these events were marked by constancy in the ablation rate.  Due to their minor forcing role upon the mass balance of the glacier (Paterson, 1969), these cases will not be discussed henceforth.  Case C (August 2, 2003) focuses upon the sensible heat exchange occurring due to precipitation and supra-glacial runoff.  While not the largest rain event at the main weather station (July 29, 2005) it is simulated as a more extensive rain fall than the case on July 29; in fact it appears to show a slight dip in precipitation along Linnédalen where the weather station is located (Figure 22).  It is critical to note that the model run generates rainfall on the order of one magnitude larger than that recorded by the tipping bucket.  Hence errors both on the field (there are no wind baffles on the tipping bucket) as well as model-induced errors are probably contributing to this over discrepancy.  However, the tendencies shown by the model appear to be believable. Regarding the sensible heat release, rainwater in the Arctic, even in the summer, is rarely more than four or five degrees Celsius above freezing.  Thus the transfer of sensible heat alone is only on the order of 104J kg-1.  Additional heat may be transferred onto the glacial surface from frictional heat exchange due to supra-glacial sediment-loaded runoff.  

Of particular interest are the increases in glacial ablation occurring after the third of August when both the temperature recorded on the lateral moraine halfway up the glacier as well as the insolation recorded from the main weather station reflect a steady decrease.  This time period coincides with an increase in advected moisture from the open ocean, as shown in prominent above zero sea surface temperatures (Figure 26).  It has been theorized that due to the high relative humidity associated with fog, ablation may increase during prolonged fog events (Paterson, 1969).   A combination of air temperatures above freezing, condensation of water vapor on the glacial surface (releasing latent heat) and lower air-temperature variability (due to the higher heat capacity of saturated air) drives the thermodynamics of fog ablation.  Unfortunately due to the conclusion of the fieldwork in mid-August there was only a brief observable period (five to six days) of significant fog occurrence on the glacier.  Case D (August 7, 2005) was the first directly observed fog event on the glacier.  However with the assistance of the MM5 model it is possible to simulate these occurrences, which reveal persistent and extensive moisture (Figure 23a) and cool advection (Figure 23b) through the Kapp Linné region.   For this case the right conditions persist throughout the day for the Linnébreen region.
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        Figure 21a. Case A: High Insolation
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    Figure 21b. Case A: Warm advection
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                    Figure 21c. Case A: Dry advection
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       Figure 22. Case C: Twenty-one (21) hour accumulated precipitation.
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       Figure 23a. Case D: Moisture advection (fog event).
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       Figure 23b. Case D: Cold advection (onto Linnébreen).
Unlike Case A, Case D is dependent upon positive moisture advection but also cold air advection which leads to an increase in the specific humidity and an increase in the relative humidity of the ambient air.  “As specific humidity increases (decreases) with height, the latent heat flux (L) is directed downward (upward)” (Serreze et al, 2005.).  Thus in a fog event, the saturated air parcel comes in contact with the colder ice surface and condenses out some of its water vapor.  In the process, the latent heat of condensation alone emitted, as calculated from the Clausius-Claperyon equation is 2.6(106J kg-1, two orders of magnitude more thermal energy than the sensible heat flux released by rain.
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Figure 24.  2005 Arctic 2m air temperature anomalies (from 30-year climate mean), based on NCEP/NCAR reanalysis.
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Figure 25. Anomaly in the distribution of the 
        Figure 26. Sea surface temperatures (SST) where approximately

minimum sea ice extent.  (from the National
        blue shades mark the sea ice extent.

Snow and Ice Data Center, NSIDC)

4.2 Cross-sections for Fog Events

The MM5 is run using sigma coordinates in the vertical (Figure 27). The sigma coordinate system defines the base at the ground level. The surfaces in the sigma coordinate system follow the model terrain and are steeply sloped in the regions where terrain itself is steeply sloped.  Because it is pressure based and normalized, it simplifies the atmospheric governing equations.  Additionally it stacks more levels towards the surface, hence allowing better resolution of boundary layer modeling.   Thus in the vertical cross-sections of cases A, C, and D (Figures 28-30) sigma coordinates are employed.  Two parameters are presented in each figure; relative humidity is the background-shaded field overlain with either vertical motion or potential temperature.  The cross-sections are oriented diagonally south-southeast of the glacier up through the Linnédalen meltwater catchment terminating north-northwest at Isfjord.  Both the middle lateral moraine and the main weather station are bisected by these cross-sections and are marked at the base of each figure. 
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Figure 27.  Relation of sigma coordinates to pressure coordinates (from COMET module).

In case A, the insolation was at a maximum in the early to late afternoon.  At these times there is evidence of turbulent radiative mixing above the glacier (positive vertical mixing values, Figure 28a) with reduced moisture throughout the atmospheric layers (35-65%).  To gain a sense of stability, potential temperature, (, is plotted where tight gradients of smooth, horizontal isentropes signify a highly stratified layer.  Hence in Figure 28b, the surface layer ((: 1.0 - ~0.9) turbulent mixing is apparent with stability setting in above 0.85(.  With the reduced moisture profile and the surface instability, the model accurately simulates the clear conditions observed on that date.  For the precipitation case, positive vertical motion is modeled over both the glacier and the weather station (Figure 29a).  For both cases C and D, with their higher moisture contents, equivalent potential temperature, (e, is displayed since it better resolves the water vapor contributions in a saturated or nearly saturated atmosphere.  Thus in case C, the instability is confined to the surface layer with an overriding stable layer above 0.8(. (Note: the stability of the upper level layers is not accurate using (e due to their low moisture content).  The shallow convective instability of the surface layer is apparent in the less smooth and more vertical (e profile.   The fog case (Figure 30a-b) reveals an atmosphere in which in the lower troposphere there is sufficient lift for adiabatic cooling (Figure 30a) for cloud/fog formation as well as a more stable surface layer with tighter (e isentropes (Figure 30b).  The August 2, 2005 case analyzed here was not however the most ideal fog case.  In fact it was noted in field observations as a rather slight fog event (~1000m visibility). For the sake of comparison, August 8, 2005 cross-sections are presented (Figure 31a - b).  The higher moisture content, more intense vertical motions over the glacier, and the smoother and more horizontal isentropes reveal an environment conducive to fog development and persistence. 
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Figure 28a. Case A: Vertical motion (contour interval:10 cm s-3) and relative humidity (contour interval: 5%).
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Figure 28b. Case A: Potential temperature, ( (every 3 K) and relative humidity (every 5%).
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Figure 29a. Case C: Vertical motion (contour interval:10 cm s-3) and relative humidity (contour interval: 5%).
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Figure 29b. Case C: Saturated potential temperature, (e (every 3 K) and relative humidity (every 5%).
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Figure 30a. Case D: Vertical motion (contour interval:10 cm s-3) and relative humidity (contour interval: 5%).
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Figure 30b. Case D: Saturated potential temperature, (e (every 3 K) and relative humidity (every 5%).
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Figure 31a. Case D: Denser fog event (compare to Figure 29a).
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Figure 31b.  Case D: Denser fog event (compare to Figure 29b).







4.3 Soundings

Three time-sequenced Skew-T model soundings of the cases A, C, and D (Figures 32 – 34) have been plotted at a point near the center of the glacier. The time sequence for each starts at 03Z and goes through 00Z (01:00 local time of the following day).  For these plots the sigma levels have been converted to pressure levels with the highest level for all the plots going only up to 500hPa, thus staying within the troposphere.  For case A (Figure 32), only the dewpoint (left curve) and air temperature (right curve) are plotted.  In this case the drier atmosphere is evident in the dew point curve compared to cases C and D (Figures 33 and 34).  Regarding saturation at the glacier it is apparent in case C that the atmosphere was more saturated throughout the troposphere (Figure 33) than in the fog case (Figure 34).  Furthermore given the wind shear profile (the stacked wind barbs to the right of the Skew-T) there was lower level shear at the surface, which would disrupt any cloud formation.  However for case D, the wind profile is less sheared throughout the day, hence implying a more quiescent boundary layer conducive for a persistent fog event.

5. DISCUSSION

5.1 Stratiform Events: Climatology

The meteorological definition of fog is simply a cloud that is contact with land.  The character of this cloud is distinctly stratiform, in that it is broad, relatively shallow, well-mixed with rather weak updrafts.  There are numerous atmospheric dynamics possible for the formation of fog including radiation, orography, as well as frontogenesis.  Discussion of non-Arctic stratocumulus events is presented as a context for understanding the unique dynamics governing fog formation in the Polar Regions.

In previous studies, ten distinct regions for climatological stratocumulus convection have been identified falling under four categories: subtropical marine, mid-latitude marine, Arctic stratus, and Chinese stratus (Klein et al, 1993).   Aside from the Chinese case, stratiform clouds primarily form over marine environments.  In the subtropics and mid-latitudes these clouds are collocated over two main sites: the eastern oceanic gyres where upwelling establishes relatively cool sea surface temperatures (SST) and seasonally over the warm western boundary currents (e.g. the northern reaches of the Gulf Stream off the coast of Labrador).  Within the Polar Regions, non-orographic stratus events are localized to ice-free ocean areas.

The frequency of stratus events over the eastern ocean gyre coincide with the summer months in which the atmosphere exhibits pronounced temperature inversions.  During these months the stratus deck can lower into substantial and prolonged sky-obscuring fog events.


As noted previously, fogs occurring over warm western boundary currents are seasonal by-products when warmer air masses in the summer move over the ocean waters. This type of dynamical forcing however is limited to only the subtropical and mid-latitude regions as there is insufficient moisture in the polar regions during the winter to initiate stratocumulus convection.  Additionally it should be noted that over the Arctic the majority of the ocean is covered with sea ice during the winter months, thus inhibiting air-sea interactions.  


The summer months are the prime season for Arctic stratus to occur.  During these months the sea surface becomes exposed allowing for warm air to pass over the cooler SSTs.   Unlike the subtropical and mid-latitude summer stratus decks, these events are not as prolonged in their duration, lasting on the order of several days, depending upon the synoptic event (Hanssen-Bauer, et al.).  Hermann and Goody (1976) detail an air parcel modification process in which 

1. relatively warm and moist air of continental origin is advected into an initially unsaturated air mass over sea ice 

2. condensation occurs (due to radiative and diffusive cooling )

3. upon thickening of the cloud layer, radiative cooling becomes dominant inducing turbulent vertical mixing

4. the mixing produces more condensation due to adiabatic cooling


While the prominence (of roughly 60%) of stratus cloud and fog formation occurs in summer months (except in the Chinese strata case), this of course does not preclude significant stratiform events in the winter season in any of the climatological regions.  However, at temperatures below freezing, the saturation vapor pressure of ice is lower than that of liquid water, thus favoring ice particle development over liquid droplets, which prevents saturation with respect to liquid water which in turn limits the development of stratus (Serreze et al, 2005). 

5.2 Stratiform Events: Synoptic-scale Dynamics


During the summer months over the eastern oceanic gyres, cool air masses move over the slightly warmer waters (by 0.5-1.0ºC).  This weak air-sea differential cannot account for the extensive and prolonged stratus decks forming in the subtropical regions.  Under normal circumstances where there is no boundary layer inversion, steam fog would arise.  However, these fog events are characterized by a rather shallow boundary layer profile.


Based upon upper air data (700hPa), during the summer months the formation of a subtropical high in conjunction with trade winds directed towards the equator induces strong subsidence, which leads to the establishment of a stable inversion.  The thickness of this inversion provides a measure of the strength of the static stability of the lower troposphere by: 
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where ps and Ts are the pressure and temperature of the surface.  Since potential temperature always increases with height (with the exception of the surface layer during diurnal radiative heating), the resultant values are examined for maxima (for these cases within a range of 15-28ºC), which correspond to a highly stable troposphere.  Over the eastern oceanic gyre regions, there is a significant correlation with these strong inversion regimes and pronounced stratocumulus episodes.  In fact it has been shown that over these non-polar regions, the tropospheric stability is a more dominant forcing mechanism than even air-SST differentials (Klein, et al, 1993).  In these inversion regimes the sequestered air below is allowed to build sufficient convection and moisture to maintain a dense cloud top, which effectively radiates and cools, in turn, sustaining further convection. 


However over the Arctic regions, January, the month with the highest stability value (28ºC, incidentally the highest global value) is not the month of maximum stratiform formation.  As mentioned earlier both the insufficiency of moisture and the covering of the sea surface with ice strictly inhibit stratiform formation.  However during the summer months the moisture limitation is relaxed leading to more pronounced fog formation.  One distinctive character of Arctic stratus is the tendency of multiple cloud layer formations (Figure 35).  These overlying layers initially prevent the fog layer from dissipating due to radiative influx or convective mixing.  Too low of an overlying cloud can assist in hastening the dissipation of the fog since the radiative cooling process evident in the eastern oceanic gyre case is restricted thus limiting condensation from occurring at the top of the fog layer, which in turn causes dissipation through surface layer settling (UCAR). 
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Figure 35. Layered stratus. (from UCAR).


The more prominent stratiform forcing mechanism in the Arctic region is the warm advection from lower latitudes into the polar basin.  In this scenario, the advected air mass reaches saturation through substantial cooling due to both radiation to the upper atmosphere and eddy diffusion of heat to the chilled ocean surface and ice packs.  Further evidence of the importance of advection and moisture availability to fog formation is noted by the observation that even in the summertime the maxima of fog occurrence is on the perimeter of the Arctic basin where the sea ice is at a minimum (Figure 36).   While this warm advection initiates the extensive fog events in the polar basin, it has been observed that the more substantial fog events on Linnébreen occurred in association with rather small-scale (on the order of a few kilometers) cold advection chilling the saturated maritime air mass to its dewpoint.
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Figure 36. Net radiative cloud forcing as seen by the Earth Radiation Budget Experiment (in W m-2) for February 1985 through January 1987.  Contour interval is 10 W m-2.  (from Klein et al, 1993).


On Svalbard, the average monthly totals of sensible heat vary from a low of ​-50 Wm-2 during January to -4 Wm-2 in July (Przybylak, 2003).  This reduction in sensible heat loss during the summer months cannot be completely accounted for by the summer Arctic insolation flux.  The remaining contribution is from warm air advection. 

5.3 Stratiform Events: Effects on the Energy Budget


The global net radiation budget is comprised of two terms: incoming shortwave solar radiation (S() and outgoing longwave thermal radiation (L().  The sum of net fluxes of both these terms (where back-scattered insolation due to surface albedo or cloud interaction, S(, and reflected/insulated thermal radiation due to clouds, L( comprise the other terms) yields the full net radiative budget, (R.
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It should be stressed that this equation only considers the radiative terms and does not take into account convective fluxes of sensible and latent heat (Hartmann, 1994). Thus this equation can be thought of as the net effect of clouds upon the radiation budget (Klein et al, 1993); rephrasing this relation strictly in cloud terms yields:
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where (F is the net longwave cloud forcing and (Q is the net shortwave cloud forcing such that both are functions of time and location.  The net longwave effect is positive while the net shortwave is negative. Globally the resultant shielding from solar radiation outweighs the thermal insulating effect; hence on average the net effect of all cloud types is to “cool” the planet by approximately 17 W m-2 (Klein et al, 1993).  For stratiform clouds, due to their low orientation, the insulating contribution is much less than the shielding characteristic hence the larger negative values over the key stratocumulus regions in Figure 37, ranging from –20 to –40 Wm-2.  Here it is
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Figure 37. Frequency for sky-obscuring fog for JJA (from Klein et al, 1993).

worth noting that in the Arctic region the potentially critical summer influx of solar radiation is moderated by an increase in stratus clouds thus reducing what could otherwise be a surplus in shortwave radiation.  During the winter months unless the stratocumulus forms over the open ocean (where there is still appreciable heat exchange occurring) the net effects are negligible.


Briefly, it should be noted that one indirect effect of cloud formation is an increase in the global albedo from approximately 15% to 30% (Hartmann, 1994).  However in the high latitudes of the Arctic Basin this simple reduction is misleading since the both the sea and land surface are often ice-covered.  However, during the summer months, again the formation of clouds will increase the albedo of non-snow covered ground and open oceans to 30%.  

5,3 Stratiform events: Atmosphere-Glacier Thermodynamics


Shifting the focus upon the micrometeorological effects of fog, it is possible to assess glacial ablation in terms of latent heat release associated with water vapor condensing on the glacier. Here the surface layer energy budget and its constituent terms are defined in terms of available surface energy, Q; thus during melting Q > 0 and at initiation of melting (or freezing) Q = 0: 
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where the first three terms can be replaced by R (since these terms are only weakly dependent upon atmospheric parameters) leaving only the last three terms.  L( is directly connected to surface temperature, Ts
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The sensible and latent turbulent heat fluxes, H and L, can be approximated by their respective bulk aerodynamic formulas (Hartmann, 1994):
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where cp is the specific heat at constant pressure, ( is the density, CD is the drag coefficient (explained in the appendix), qs and qa are the mixing ratios at the surface and at a height zr (q* is derived in the appendix), 
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is the mean wind speed, RH is the relative humidity, L is the latent heat of vaporization, and 
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 is the equilibrium Bowen ratio shown by
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such that the approximation is derived using the Clausius-Claperyon equation, where Rv is the gas constant for water vapor.  


For the case of a wet glacial surface in contact with a saturated surface layer (as in the case of fog contact), RH=1, hence the latent heat flux reduces to
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Kuhn (1987) proposes a slightly altered form of this energy balance where the coefficients rH and rV represent resistance to heat and vapor transfer, respectively (in essence substituting variables from the above equations):
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where 
[image: image63.wmf]  

r

a

 signifies surface air density, 
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 represent water vapor density at the surface and in the air respectively.  Coupled with this equation is a graph (Figure 38) intended to facilitate the parameterization of meteorological conditions for the onset of snowmelt.  However, as is readily apparent the choice of not just one but three density terms in the equation amplifies the impracticality of such an equation within an experimental context.  Thus, it appears that use of the bulk aerodynamic equations is better suited for actual data research.

[image: image66.jpg]Ta.C
20

«
Pva

_20 -
0 2 4 6 8 Pra,gm >

Fig. 1. Air temperature T, at the onset of melting for
various values of absorbed radiation R = S1 — St + Li
and water-vapor density p,,. Curves show saturation and
20% relative humidity. The dotted line is explained in the
text. This diagram is valid for a thermal resistance
rg = 65sm™ (equivalent to a transfer coefficient
o = I8SWm K at py = 1.2kgm’S).




Figure 38. Air temperature Ta at the onset of melting for various values of absorbed radiation R = S( - S( + L( and water-vapor, (va. Curves show saturation and 20% relative humidity. The dotted line is the minimum value for R, (during darkness and clear skies).  This diagram is valid for a thermal resistance rH = 65 s m-1 (equivalent to a transfer coefficient (H = 18.5 W m-2 K-1 at (a = 1.2 kg m-3). Kuhn, 1987  


Regardless of its impracticality, Kuhn’s theoretical reasoning does allow for theoretical case studies such that it can be shown that under a range of “normal” observed summer and winter conditions, snow may melt at temperatures as low as –10ºC and may stay frozen at +10ºC.

5.5 Implications of Models Runs

Plotting out the derived variables of sensible and latent heat fluxes for each of the analyzed cases yields some thermodynamic information affecting the glacial system.  It is worth noting that the models are plotting the atmospheric heat flux as opposed to the fluxes at the surface.  This is important to keep in mind in that the models are not resolving the actual thermodynamics occurring on the ice surface; hence these models are primarily focusing upon the contribution of heat from advected sources. 

For case A, the maximum values of the sensible and latent heat fluxes (Figures 39 and 40) are half to one sixth (respectively) of the radiative heat flux maxima (Figure 21a).  As Paterson (1969) notes, in the absence of an insulating layer of snow (which has a higher albedo than ice), radiative heat is the dominant force in the energy balance of the glacier.

Given that the heat supplied by rain for each a square meter is only 

cwp(Tr – Ts)

where cw is the specific heat of water, p the rate of precipitation (in g cm-2 s-1), and Tr and Ts are the temperatures of the rain and surface (which during the summer may only be 3-6ºC), it would take 10cm falling in a day to produce the same heat as insolation (Paterson, 1969).  This value is ten times the amount recorded during the 2005 field season.  Subsequently comparison of the model derivations of sensible (Figure 41a) and latent heat fluxes (Figure 41b) reveal a higher flux of sensible heat during the precipitation event, which of course confirms that there was no re-freezing of the rain on the ice surface.  

The analysis becomes less straightforward for the initial fog event of case D.  In this case the latent heat flux over the glacier reveals an intriguing signature above the glacier and the surrounding mountainous terrain.  At the initial onset of the fog event there is a spike in latent heat flux (Figure 43b) before dissipating (Figures 43c-d) despite the fact that the area remained shrouded in fog throughout this period.  However, the values of latent heat flux are not as large as those for the sensible heat flux, which were occurring at this onset of the fog event (Figure 44a).  As one would expect as the stratus deck thickened and as the solar declination decreased the sensible and radiative heat values decreased rapidly (Figures 44b, 45a-b).  It is worth noting that in Figures 44a-b it appears that the glaciers to the southeast of Linnébreen appear to already be cloud/fog covered due to their low sensible heat numbers.  In fact the terminus of Linnébreen is modeled with low sensible heat values, which implies the onset of the fog (confirmed by the field observations).  Comparison of the latent heat fluxes between case C and D does reveal that the fog event has a higher maximum on the glacier.  However comparison of the latent heat flux from case D with the sensible heat flux of case C reveals that in fact the sensible heat released from the rather minor precipitation event is greater than the latent heat released during the fog event by the condensing water vapor on the glacial surface.  Hence there is no straightforward evidence from the model for the dramatic increase in ablation as seen in Figure 16 after August 7, 2005.  It may be implied that despite the modification of the Polar MM5 of heat transfer through snow/ice surfaces, the fine resolution generated for this project is still failing to resolve the thermal micro-dynamics at work on the glacier.
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Figure 39a-b. Case A: Sensible heat flux (in W m-2) at low and high solar declination (clear skies on glacier).
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Figure 40a-b. Case A: Latent heat flux (in W m-2) at low and high solar declination.
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Figure 41a-b. Case C: Sensible heat flux (in W m-2) over 12 hours (before and after the precipitation event).
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Figure 42a-b. Case C: Latent heat flux (in W m-2) over 12 hours (before and after precipitation event).
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 Figure 43a-d. Case D: Latent heat flux (W m-2) before (a – top left), at the onset (b – top right), and during the persistence (c and d) of the fog event.
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Figure 44a-b. Sensible heat release (in W m-2) just prior and during the fog event.
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Figure 45a-b. Case D.  Insolation (in W m-2) just prior and after the onset of the fog event.

5.6 Limitations of Polar Atmospheric Models
As with any finite simulation of real phenomena, the data assimilation output from NWP models hide much of the numerical approximations which must be made to translate between the discrete model and the continuous conditions.  Thus one must keep in mind that the model: 

(a) generates a field smoothed against a finite set of grid points 

(b) inputs (i.e. observations) and derives variables in temporal chunks. 

Thus, one would expect biases and errors to occur in these models.  Given the brevity of data compiled for this project, a full error analysis is not possible with any statistical confidence.  However, Bromwich et al (2001) has conducted an extensive run of the Polar MM5 focusing on the climate over the Greenland Ice Sheets for the months of April and May.  Deviations from observation for monthly mean near-surface temperatures and wind speed were less than 1 K and 1 m s-1.  Furthermore, it was noted that the diurnal variations and the larger synoptic dynamics were well captured by the model, yet there was a slight moist bias produced near the surface.  In personal correspondence with Bromwich (2006), he did note that in a simulation run over Antarctica the model did well with middle and upper level stratiform clouds but had some deficiencies with low clouds.  For the runs performed for this project, the cloud physics adjustments were adapted to those proscribed by Bromwich (2006).  Unfortunately, multiple re-runs of the model did not occur; thus there is no comparative analysis possible for evaluating varying parameterizations.  


Given the dependency of the Polar MM5 upon input from the GFS reanalysis NWP model, one can be certain of a propagation of errors even within the initialization of the Polar MM5 due to multiple sub-optimal parameterizations.  These parameterizations include albedo, cloud cover, ice-ocean dynamics, sea ice thickness and distribution (Serreze et al, 2005).  Considering the poorly resolved albedo for the variable snow, glacial ice and sea-ice fields one needs to take into account not just extent but also reflectivity which, in turn, is a factor of the ice or snow purity (e.g. clean vs. dirty glacial ice).  

6. CONCLUSIONS 
6.1 Correlating Field Observations with Glacial Ablation

The installation of the automated ablation sensors (for Stake 1 [lower glacier] and Stake 8 [upper glacier]) generated data that needed to be corrected both for vertical adjustments on the support stake as well as for atmospheric pressure variations (Figure 46).  To confirm the correlation of the sensor data with the hand measurements both are plotted against each other (Figure 47) with the y-axis showing cumulative ablation, where ablation (accumulation) is negative (positive).  There were “accumulation” issues in that sharp upswings of the curve were not due to sudden accumulation events but rather to the sensor borehole overfilling with glacial run-off (Gerke, 2006). A trend-line was plotted for both automated curves such that periods when the automated curve dipped below (raised above) the trend-line were seen as increases (decreases) in the ablation rate.  Insolation, humidity, and air temperature were superimposed upon the trended graph (Figures 48-50, respectively).  Correlation was then assessed by visual inspection such that periods following a significant event were assessed as either impacting or not impacting ablation. For insolation, out of the nine diurnal cycles, five resulted in increases in the ablation rate for both stakes (Figure 48).  Given the truncated humidity record, the persistent high values for the middle lateral moraine are taken as one event (Figure 49).  At the upper stake there does appear to be some impact on ablation however the correlation is inconsequential at the lower stake.  Finally, for the 2m air-temperature at the middle lateral moraine (Figure 50), the low range in temperature fluctuations forces the definition of an event to being a fluctuation of over 3ºC.  Hence out of thirteen events, three led to a direct impact on the ablation rate, seven did not, and three were inconclusive (Table 3).

	Correlated:

No. (rise/drop)
	Not-correlated:

No. (rise/drop)
	Inconclusive:

No. (rise/drop)

	3(r), 4(d), 6(r)
	2(d), 5(r), 7(d), 8(d), 10(d), 

12(d), 13(r)
	1(r), 9(r), 11(r)


Table 3. Correlation of air temperature at the glacier vs. ablation based on visual inspection.

[image: image75.jpg]Glacier surfice (cm)

1000

000

1000

2000

3000

40.00

5000

6000

7000

8000
0724105

07126005

Automated Level-logger measurements of Ablation on Linnébreen

07128105

073005 080105 0803105

080505 080705 08/0905

‘Time (local midnight)

Stake 1 (pressure-corrected)
Stake 1 (vertical-adjustment only)

Stake § (pressure-corrected)
Stake § (vertical-adjustment only)

0811105

0811305




Figure 46. Automated glacier ablation measurements
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Figure 47. Correlation between automated and hand measurements
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Figure 48. Correlation of automated glacier ablation measurements with insolation recorded at the main Wx station.
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Figure 49. Correlation of automated glacier measurements with relative humidity on the middle lateral moraine.
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Figure 50. Correlation of automated glacier measurements with temperature on the middle lateral moraine.
6.2 Hypothetical Ablation due to Latent Heat Release

The ablation increase on August 7 occurred during low insolation, a non-precipitation event and overall decreasing temperatures on the glacier.  As has been mentioned this ablation event coincided with the first observed fog event on the glacier and was associated with latent heat release.  The mechanics of this heat release involve the saturated water vapor of the air parcel not the suspended liquid water droplet in the fog (the “visible” cloud).   As the water vapor particles came in contact with the underlying ice surface, condensation would occur (Figure 51).  By late summer the glacial surface was maximized with a network of interstices that resembled “fried chicken,” thus maximizing the surface area of the ice.  Due to both the high saturated-vapor-pressure above the glacial surface and the colder temperatures of the glacial ice (than the surrounding air) the heat release in the phase transition from vapor to liquid would be directed downward.  Due to the poor conductivity of ice the released heat would remain near the surface assisting in melting the ice.  Simultaneously occurring with these water vapor phase transitions is the wetting of the ice by the suspended water droplets.  This wetting process both transfers the sensible heat of the droplet to the glacial surface as well as coats the solid ice surface with a thin laminar layer of water.  Thus the whole latent heat release process becomes suppressed early on by both the latent heat released melting and the cloud droplet wetting.  As soon as the glacial surface becomes fully coated, the water vapor molecules only undergo liquid—gas exchange dynamics.  As long as the air temperature is higher than the freezing point, this process will occur with the main limiting factor being the time for the formation of the laminar liquid layer.  During the winter a fog event may play a more substantial role in ablation in that the water vapor particles now undergo deposition (two phase transitions release great latent heat and the freezing of the droplet particles on the ice surface, which also releases latent heat.
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Figure 51. Idealized (not-to-scale) sequence of fog glacial ablation.

6.3 General conclusions

For this project, the field observations functioned as a vital check to the models.  However, the models also provided an extensive overview, which confirmed advection patterns (prevailing south-southwest and north-northeast flows).  Initial observations suggested that fog banks rolled in from the north, down the Linné valley catchment and terminated at the Linnébreen.  However, after multiple hikes out to the glacier it was evident that this scenario was not likely and that the only stratiform development over and on the glacier occurred due to the warm, moist advection streaming in from the Norwegian Sea through a pass to the southwest of the glacier.  This pattern was repeated reproduced in the model runs for the major stratiform events, hence affirming the observational hypothesis.  

7. FURTHER RESEARCH 

7.1 Model parameterization

The derived variables calculated by numerical weather prediction models can only help augment (not replace) the sparse distribution of meteorological stations throughout the Arctic.  To this end the Polar MM5 is an invaluable tool for capturing the developing climate patterns of a warming polar basin.  A problem arises when one attempts to extend these patterns in time as errors introduced during the initialization of the model runs propagate and increase until their contribution overwhelms the perturbations driving the atmospheric dynamics.  Although the intent of this project was to resolve only a small section of the Arctic and only for a brief period of time, it would be worthwhile under these control conditions to attempt multiple runs of the model with varying permutations of the modifications (e.g. cloud radiative transfer; ice phase physics; boundary layer parameterizations) introduced into the MM5.  These multiple runs could then be assessed side-by-side so as to arrive at a “best fit” to the observations.  To assist in verifying these simulations, a more comprehensive satellite data set would be needed in lieu of in-situ observations.  


Ideally for modeling the surface heat fluxes, a glacial model would be run in conjunction with the Polar MM5.  Lacking access to a glacial model, a simple calculation of the heat flux budget using a box model would provide a decent estimate of the surface melt dynamics. 

7.2 Improved Experimental Field Design

In regards to improvement out in the field, aside from the impractical increase of monitor sites there are several suggestions for refitting of the preexisting stations with sensors aimed at measuring factors which have been shown to impact glacial ablation. Given the prominence that insolation has on the ablation process as well as the recent attention given to “global dimming,” it would be highly beneficial to install pyrometers along the moraine stations.  Furthermore, during the four weeks out in the field it will be helpful to temporarily install a net-radiometer on the glacial surface in order to gauge both the insolation (incoming shortwave) and the reflected longwave radiation in order to assess changes in the albedo of the glacier. Finally (with sufficient funding and power source options, particularly during the winter night) a sonic anemometers (an anemometer with no moving parts) installed at the terminal moraine could further enhance a sense of the microclimate of the catchment system with added resolution during the nival pulse. 
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APPENDIX A: CLIMATOLOGY OF ISFJORD RADIO, SVALBARD 1936-1975
(from Hanssen-Bauer et al, 1990)
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99790 Isfjord Radio

Position 78° 04'N, 13° 38' E

Station height 5 m.

Midnight sun 21. April - 22. August
Dark season 26. October - 15. February

Isfjord Radio is situated at Kapp Linne on
the western coast of Spitsbergen. The
station is situated on a low plain, 5-10 m
a.sl. The plain extends east-northeast
about 6 km to Kapp Starostin and south to
Bellsund. To the north of the station lies
Isfjorden, and to the east and southeast a
mountain range with heights up to 600-800
ma.s.l
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Contour interval: 250 m
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The station was established 1 September
1934. It was destroyed by war actions in
September 1941 but re-established at the
same place after the war. From August
1946 observations were resumed, but from
30 June 1976 the station was taken out of
the official network, the observation
program was reduced, and data not any
longer controlled and stored in the files of
DNMI. However, from 2 September 1996
temperature data is logged every hour and
stored at DNMI. But still no solution for
more extended observations are found.

The radiation screen has altered between
the patterns of 1930 and 1933, but since
1951 it has remained unchanged (MI-33).

On 15 August 1939 the precipitation gauge
was equipped with a wind shield.

In 1958 the radiation screen and
precipitation gauge were moved to another
site about 60 m to NW. The precipitation
gauge was again moved 15 m further in the
same direction on 22 August 1966.

Homogeneity

In all seasons the temperature series
correlated well with Barentsburg series. All
tests revealed homogeneous results.

Three inhomogeneities were found in the
precipitation series from Isfjord Radio.
The installation of a windshield in 1939
increased the gauge catch in all seasons,
but mostly during winter. A relocation in
1958 apparently also led to increased
gauge catch, though this may partly be
caused by increased influence of drifting
snow. A relocation in 1966 led to
increased gauge catch during summer, but
reduced” measured precipitation during
winter. The new location was reported to
be less affected by drifting snow, which
explains the reduced winter precipitation.
The gauge catch during summer was
increased, as the new position was less
wind exposed than the old one.

Sea Ice

No regular observations of sea ice
concentration have been made at Isfjord
Radio. Some general features concerning
ice conditions, however, are summarised
here. Ice conditions vary markedly from
ice-free to total coverage, both in Isfjorden
and in the ocean to the west. The outer part
of Isfjorden is often ice-free, while
simultaneously the ocean to the immediate
west is filled with pack ice. The frequent
presence of open water creates a climate at
Isfjorden that is more "coastal" than at any
other Spitsbergen station.
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Jan  Feb  Mar  Apr May Jun  Jul Aug Sep Oct Nov Dec Year Period

ATM. PRESSURE (hPa)

Average sea level 1007.1 10075 10097 10127 10164 10126 10118 10115 10081 10066 1007.5 10050 10097 1935.75
Std.deviation 68 8y 720 0 N8 80 825 84 40 &4 40 €3 017N
AIR TEMPERATURE, (deg C)

Average 07 15 122 A3 T AT 43 T A2 A a9 45103876
Std.deviation 48 &L 9 15 08 08 08 11 26 34 40 15193875
Extreme values

Lowestmonthly annual mean 186 202 -194 157 68 01 30 27 12 119 -143 178 81 193575
Year lowest mean 1967 1963 1969 1966 1969 1962 1048 1966 1968 1968 1068 1968 193575
Highest monthly/annual mean 18 47 67 07 33 60 55 34 14 06 06 -21193575
Year highest mean 1947 1954 1974 1936 1972 1960 1935 1960 1957 1953 1938 1954 1935.75
Average daily min 436 145 150 116 49 03 33 30 03 52 92 -16 66 194775
Average lowest monthly min 227 241 23 214 15 34 10 02 50 122 AT4 208 1935.75
Absolute min 920 322 323 209 196 82 13 23 -108 -236 269 -335 -335 193575
Year abs. min 1967 1963 1966 1941 1963 1962 1948 1971 1968 1968 1951 1968 1968 193575
Average daily max. 85 85 93 67 16 33 €5 58 28 -16 48 69 -25 193575
Average highest monthly max 07 “0B- 00 " i1 83 78 0 100 74 4 18 48 1935-75
Absolute max 38 44 39 58 131 125 170 143 120 85 62 56 170193575
Year abs. max 1972 1954 1972 1952 1960 1953 1966 1961 1960 1961 1953 1838 1953 193575
No. of days with:

Daily min <=0 308 282 309 249 286 111 01 07 151 274 284 306 2568 195675
Daily min <=-10 25 206 242 184 28 o 0 0 01 48 141 186 1261 195675
Daily max <=0 274 255 280 268 195 18 0 0 45 184 225 265 2004 195675
RELATIVE HUMIDITY (%)

Average 820 810 830 810 820 860 880 860 840 610 810 620 630 195675
PRECIPITATION (mm)

Average monthiy/annual prec. 366 338 343 238 245 282 383 531 472 444 405 393 4439 193576
S1d . deviation 203 217 254 198 173 191 249 340 275 258 238 327 1154 193675
Min. monthly/annual 26 88 10 26 00 12 23 a7 - 3B {00 A8 42 7R 1USL7S:
Year min. monthly/annual 1950 1952 1962 1938 1949 1955 1950 1966 1935 1970 1950 1950 1935 193575
Max. monthly/annual 1217 872 1047 825 661 891 1024 1656 1076 1162 1046 1560 7498 193575
‘Year max monthly/annual 1965 1976 1964 1937 1937 1970 1973 1937 1958 1951 1958 1953 1972 193575
Max.in 1 day 540 310 230 210 330 290 260 200 350 300 380 340 540 195675
Year max 1 day. obs. 1965 1962 1950 1967 1971 1970 1973 1969 1960 1972 1958 1965 1965 195675
Rain (mm) 20 01 01 14 51 175 33 399 201 108 61 08 1470 1956-75
Snow (mm) 238 272 247 163 88 19 03 01 41 138 205 232 1647 1956-75
Mixed (mm) 143 80 129 76 13 126 26 46 192 149 180 171 1431 195675
No. of days with

>%0.1 mm 131 123 141 107 "z 129 151 151 149 149 128 138 1612 1956-75
>51.0mm 66 68 66 55 53 64 B4 B8 89 82 82 67 864 195675
>2100 mm 06 08 08 04 04 08 08 10 12 10 09 10 95195675
Rain >20.1 mm 03 0401 63 T4 83 188 12 as a7 GRi ozl 4es 1UBATS
Snow >= 0.1 mm 102 105 121 81 68 28 02 02 36 89 86 113 833 1956-75
Mixed>=0.1 mm $H, 08 17 a0e A 4B a9 A4 AR Ss SRda oo csth {06678
SNOW

Absolute max. snow depth (cm) % 80 10 105 110 92 12 2 5 40 5 60 1100 1956-75
Year max snow depth 1965 1950 1965 1964 1964 1964 1964 1962 1958 1965 1967 1957 1964 1956-75
CLOUDS & VISIBILITY

No. of clear days $4 28 i8S 82 14 100 ol 90 asiEaS0ici 40 S38108AT8
No. of overcast days. 120 115 126 95 152 172 200 190 175 171 133 128 1777 195675
Average, octas 49 53 52 48 LY ] 62 65 64 63 60 54 50 5.6 1956-75
Perc. freq. of:

Fog 08 i a8 0N Ak dElier o as . 23 0@ Tes ~02 16 10878
Horizontal visibility (%):

1 km or less 30 A0SR 20 SISBEY 0L 20; AR 2. 28 a0 10688
4km or 10.1 47 79 68 84 101 97 86 80 90 93 97 195675
Lowest cloud height (%):

100 m or less 0o KT an - 08 e oA T 68 a0 el 92 38 108878
300m or less 50 94 102 68 112 185 260 194 135 115 107 44 122 1956.75
WIND FORCE, BEAUFORT

No. of days with max

>=68 214 194 210 150 105 67 63 78 128 168 197 224 1797 195675
>=88 62 66 68 25 14 07 04 08 16 33 54 78 433 1956-75
>=98 4228 98- a8 03 C01l 00 odE- 02 o8 18 805 442 1088.7K

Missinglincomplete data:  No observations 1941-46




APPENDIX B: TERMINOLOGY

A. Explanation of the drag coefficient, CD  (Hartmann, 1994)
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where ( represents the von Karmon constant, zr, an arbitrary reference height, and z0 , the reference height. ( can be derived from the definition of friction velocity (the characteristic wind speed effected by friction at or near the surface) and the logarithmic velocity profile (the vertical profile of horizontal speed from a surface down to the roughness height, z0 theoretical height in the surface layer at which a horizontal wind speed would diminish to zero).  However it has been measured at a value of approximately 0.4.

B. Derivation of the surface saturation mixing ratio, 
[image: image84.wmf]( Hartmann, 1994)
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where qs is the saturation mixing ratio represented by the variable q* which is a function of the surface temperature, Ts.  “The vapor mixing ratio of saturated air at the reference height can be approximated with a first-order Taylor series.”
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Furthermore the actual vapor-mixing ratio of air can be approximated in terms of relative humidity at any height.



[image: image87.wmf]      where the relative humidity, 
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APPENDIX C: RESOURCES

Cryosphere

National Snow and Ice Data Center

Sea Ice: http://nsidc.org/sotc/sea_ice.html

Glacier: http://nsidc.org/sotc/glacier_balance.html
Overview of Fog Dynamics

UCAR Distance Learning Aviation Course: COMET Module:

http://meted.ucar.edu/dlac/website/course.htm

Polar MM5

Byrd Polar Research Center at Ohio State: 

http://polarmet.mps.ohio-state.edu/PolarMet/pmm5.html

Svalbard REU Program

Past and current research: 2003 to present

http://www.mtholyoke.edu/proj/svalbard/project.shtml 

Figures 17a-b. Geography of Nordenskiöld Land


 


(a) – above: Land use for Nordernskiöld Land. Green represents water, violet represents ice covered land. 


 (b) – right: Terrain and topography of Kapp Linné in meters














PAGE  
61

_1069683886.unknown

_1069685568.unknown

_1069692736.unknown

_1069693141.unknown

_1069693416.unknown

_1069693554.unknown

_1069692926.unknown

_1069685674.unknown

_1069692288.unknown

_1069685617.unknown

_1069684416.unknown

_1069685324.unknown

_1069683917.unknown

_1069680984.unknown

_1069682575.unknown

_1069683697.unknown

_1069681550.unknown

_1069660384.unknown

_1069662423.unknown

_1069643088.unknown

