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ABSTRACT

Maritime mesocyclones form throughout the year at the polar latitudes, often near or embedded
within cloud streets associated with massive cold air outbreaks. Such storms appear on the 50 —
1000 km horizontal scale. However, polar mesocyclones tend to exist on the smaller end of the
horizontal scale. As a storm’s size decreases, the likelihood that they will be well-represented in
data also decreases. Underrepresentation of polar mesocyclones in reanalyses will affect
climatological forecasts and research that utilize such data. Namely, the air-sea interactions
associated with polar mesocyclones will be underrepresented, thereby impacting estimates of
ocean circulation. Additionally, many reanalyses underestimate near-surface wind speeds, which
is linked to but not exclusively dependent on the problems associated with data resolution. Harsh
polar conditions make these regions of scientific interest unfavorable for in situ data collection,

which compounds the aforementioned issues.

This research examines the relatively new Arctic System Reanalysis (ASRv1) and its
ability to represent three polar mesocyclonic systems of differing size. Should ASRv1 represent
polar mesocyclones effectively, it could be a prime candidate for establishing an arctic atmospheric
state for air-sea modeling. The product is compared to high-resolution Weather Research and
Forecasting (WRF) model simulations, with ERA-Interim information providing the initial and
boundary conditions. Simulation results are checked against available 10 m equivalent neutral
wind data from QuikSCAT to ensure that the model is producing reasonable atmospheric
conditions. Comparisons are drawn for near-surface wind fields and surface turbulent fluxes to

focus on ASRv1’s depictions of the air-sea interactions associated with polar mesocyclones.



Differences between ASRvl and the WRF simulations are presented with their likely

explanations—physical, dynamical, and data-based (e.g., resolution, model options).
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CHAPTER ONE
INTRODUCTION

Oceanic and atmospheric processes are driven by surface turbulent fluxes at the air-sea boundary,
which allow the exchange of momentum and heat between the atmosphere and the ocean. Wind
stress and heat fluxes contribute to driving oceanic convection, both near the surface and in the
deep ocean. A continual loss of heat from the ocean at the air-sea boundary reduces near-surface
water temperature, which increases its density and reduces vertical stratification in the local water
column. Evaporation and freshwater flux at the air-sea boundary can also alter the near-surface
water density though consequential changes in salinity. Near the winter poles, the sustained loss
of heat from a warm ocean relative to the atmosphere is expected. A persistent erosion of vertical
stratification can eventually allow areas of open-ocean convection to develop; the surface waters
sustain such a reduction of buoyancy that they sink to intermediate or deeper depths (Marshall and

Schott 1999).

As noted in Marshall and Schott (1999) and Condron et al. (2008), particular North Atlantic
maritime regions such as the Greenland Sea are home to potentially deep open-ocean convection.
Such convection in the Greenland Sea and the other Nordic Seas (Norwegian and Iceland Seas)
effects the thermohaline circulation—the global meridional overturning circulation (GMOC) that
connects equatorial and polar waters. The GMOC transports warm, salty equatorial water toward
the poles, where it may sink to depth and return toward the subpolar North Atlantic. Previous
work suggests that volumetric water transport from the Nordic Seas to the subarctic North Atlantic
influences the strength of the GMOC through its impact on compensating northward water

transport near the surface (Rahmstorf 1995; Rahmstorf 1996; Latif et al. 2006). Through the link



between vertical water transport in the Nordic Seas and the strength of the GMOC, it follows that
the amount of vertical transport in that region should incite responses from the climate system

(Bacon 1998; Clark et al. 2002; McManus et al. 2004; Pickart and Spall 2007).

As the atmosphere plays a role in driving ocean circulation at the surface and deep ocean
through surface turbulent fluxes, it is imperative to understand the atmosphere’s role on deep water
formation and the strength of the GMOC. Numerical ocean models that consider atmospheric
forcing often prescribe the atmospheric state with meteorological reanalysis data (Hékkinen 1999;
Gulev et al. 2003; Bentsen et al. 2004; Bigg et al. 2005; Brodeau et al. 2010). Most reanalyses are
global products that provide atmospheric information at a consistent time interval for at least 10
years (e.g., ERA-40, Simmons and Gibson 2000; JRA-25, Onogi et al. 2007). To force the ocean
realistically in an air-sea coupled ocean circulation model, the surface turbulent fluxes prescribed
must be accurate. In the Nordic Seas, inaccuracies in capturing the intensity of all atmospheric
storms within the region will affect ocean forcing—more specifically, prescribing surface
turbulent fluxes that are weaker than in reality due to a failure to capture all systems accurately
will lead to underforcing of the ocean. In situ observations have been compared with atmospheric
reanalysis data sets in the past, and such comparisons have suggested that reanalyses often
underestimate near-surface wind speeds (Kelly et al. 1999; Chelton and Freilich 2005), which

would lead to surface turbulent fluxes that are weaker than reality.

In order to improve the accuracy of wind fields and surface turbulent fluxes prescribed for
an ocean model, the inclusion of small-scale and high-frequency phenomena within the boundary
layer has been considered in past research. In simulating the tropical Pacific Ocean variability
during the onset phase of El Nifio during 1997/1998, Chen et al. (1999) found that their model

compared favorably with observations when applying high-resolution wind forcing. Cardona and



Bracco (2012) concluded that including higher-frequency wind data impacts model representation
of vertical transport in mesoscale eddies of the South China Sea, as vertical transport increases in
tandem with increased temporal resolution. Vertical velocity in model runs forced with 6-hourly
winds was approximately doubled in magnitude compared to model runs using daily-averaged
winds, and a twelve-fold magnitude difference was seen compared to monthly-averaged winds.
Using a coupled air-sea numerical model, Pickart et al. (2003) investigated deep convection over
the Irminger Sea forced by a low-level Greenland tip jet that periodically manifests on the leeward
side of Greenland. Because the Greenland tip jet is narrow and near the same meridional scale as
the NCEP (National Centers for Environmental Prediction) reanalyses, it is not represented in the

data and leads to underestimated wind speeds and surface turbulent fluxes.

Polar mesocyclones are high-latitude maritime systems that exist on the scale of 50 — 1000
km diameter (most in the northeast Atlantic are between 100 km and 500 km in size; Harold et al.
1999) and persist for short periods of time (3 — 36 h). They are typically associated with near-
surface winds approaching or exceeding gale force, considerable momentum fluxes, and increased
heat fluxes. Harold et al. (1999) suggested that mesoscale vortices tend to occur within the Nordic
Seas—a key region for climatologically important deep water convection. The collective effect of
these mesocyclones on vertical stratification within the ocean may influence convective timing
and intensity. For ocean modelers attempting to capture the convective timing and intensity in the
Nordic Seas accurately, it follows that polar mesocyclones in the region should be represented as

accurately as possible when prescribing the atmospheric state.

Due to the spatiotemporal scale and domain of most polar mesocyclones, reanalysis data
may be unable to capture or represent smaller and shorter-lived storms. The simplest reason for a

data set to fail in resolving a storm is its grid coarseness and low temporal frequency. Additionally,



the remote locations in which many polar mesocyclones exist are beyond the reach of most surface-
based synoptic observation networks, which complicates storm data assimilation into a reanalysis
data set. Assimilating arctic observations within a regional assimilation system may improve the

representation of arctic mesoscale phenomena (Renfrew et al. 2008; Moore 2012).

Using the European Centre for Medium-Range Weather Forecasts’ atmospheric Reanalysis
data (ERA-40), Condron et al. (2006) employed a cyclone detection algorithm to locate polar
mesocyclones in mean sea-level pressure over a two year period in the northeast Atlantic, and
compared the position of each detected cyclone with Harold et al.’s (1999) Advanced Very High
Resolution Radiometer (AVHRR) data set of polar mesocyclones in the region. A majority
(approximately 70 — 80%) of polar mesocyclones with a diameter of at least 500 km were detected
in the ERA-40 mean sea-level pressure field. An almost linear decrease in storm detection was
reported for systems smaller than 500 km in diameter—Iess than 20% of sub-250 km cloud systems
found by Harold et al. (1999) were paired with a detected cyclone in ERA-40. Approximately 75%
of northeast Atlantic polar mesocyclones recorded using AVHRR satellite data were smaller than
500 km in diameter. With such a large portion of storms unaccounted for in the ERA-40 mean sea-
level pressure, Condron et al. (2006) concluded that the reanalysis data set is unreliable in
representing sub-500 km diameter polar mesocyclones. The authors surmised that, as a
consequence of a deficiency in detection via mean sea-level pressure, a considerable portion of
surface turbulent fluxes linked to polar mesocyclones will be missed when forcing ocean models

with ERA-40 (this conclusion is confirmed in Condron et al. 2008).

Following the aforementioned findings and implications, this research will analyze surface
turbulent fluxes (momentum, sensible heat, and latent heat) associated with northeast Atlantic

polar mesocyclones of variable size in the newly-developed Arctic System Reanalysis (ASRv1)



(Bromwich et al. 2010). The research will investigate the potential usefulness of supplementing a
coupled air-sea ocean model with ASRv1 surface turbulent flux data. The research will include
examinations of a polar mesocyclone on the upper end of the spatial scale to address potential
system representation issues independent of the reanalysis’ resolution, and smaller-scale storms to
investigate problems regarding resolution. The analysis of ASRv1 that follows will be compared
with results from a high spatiotemporal resolution atmospheric model—which is intended to be a
substitute for an ideal data set or surface observations—as well as a commonly-used global
reanalysis for completeness. Section 2 will detail the methods employed as well as data and model
specifics. Section 3 will provide research results and findings, and the fourth section will offer

conclusions and a discussion of the results.



CHAPTER TWO
METHODOLOGY AND DATA

Momentum fluxes, sensible heat fluxes, latent heat fluxes, and 10 m wind speeds associated with
three polar mesoscale systems of variable size were analyzed over the northeast Atlantic. Analytic
results from the Weather Research and Forecasting (WRF) model (Skamarock et al. 2008) and the

Arctic System Reanalysis data set (ASRv1) are compared.

2.1. Research Domains

Two separate model runs were completed to analyze the three mesoscale systems. One
polar mesocyclone with an approximate 700 — 800 km maximum diameter (size determined as in
Harold et al. 1999) is simulated over the Barents Sea from 0000 UTC 17 December to 1200 UTC
21 December 2002 (Fig. 1). This first simulated system fits Rasmussen and Turner’s (2003) polar
low classification and was previously modeled by Fgre et al. (2012). Though the domain of this
storm is just outside of the Nordic Seas region, it is analyzed due to its size, proximity to the Nordic
Seas, and its relation to the central objective of this research that encompasses polar mesocyclones

in general.

The second simulation includes two systems of contrasting size between 0600 UTC 9
December to 0000 UTC 13 December 2006 (Fig. 2). Available AVHRR imagery (Fig. 2a) suggests
two cyclonic cloud signatures at 0950 UTC 12 December 2006 off the Norwegian coast. One storm
is approximately 550 km in maximum diameter and situated between Iceland and Norway for most

of its lifetime. A smaller storm (approximately 250 — 300 km in diameter) is south-



Fig. 1. (left) AVHRR channel 5 satellite image taken at 1017 UTC 19 December 2002, with a
“hurricane-like” polar low visible at the top of the image, east of the Svalbard archipelago. (AVHRR
images courtesy of the NERC Satellite Receiving Station at the University of Dundee, Dundee, United
Kingdom.) (right) WRF model domain setup run from 0000 UTC 17 December to 1200 UTC 21
December 2002 for the storm pictured. Domain boundaries are drawn with respective grid spacing for
each domain shown within each box.

Fig. 2. (left) AVHRR channel 5 satellite image taken at 0950 UTC 12 December 2006, showing three
polar mesocyclones off the coast of Norway. (right) WRF model domains for the run from 0600 UTC 9
December to 0000 UTC 13 December 2006 for the storms pictured. Domains are drawn as in Fig. 1b.



southwest of the Svalbard archipelago. Further examination using QuikSCAT data (version 3; Fore

et al. 2014) suggests another signature to the west (approximately 200 — 250 km diameter).

2.2. WRF Model

The Weather Research and Forecasting model (WRF; Skamarock et al. 2008) is a state-of-
the-art mesoscale numerical weather-prediction system often used in operational forecasting and
meteorological research. In this research, version 3.5 of the WRF model was employed to simulate
the atmospheric state over the regions indicated in Figs. 1b and 2b. WRF model characteristics are
listed in Table 1 below. Conditions within the outermost domains were simulated with 36 km grid
spacing, and the grid spacing for the intermediate and innermost domains were 12 km and 4 km,
respectively. One-way nesting (i.e., parent to child nest only) was used in all model runs. Initial
and boundary conditions were supplied to the model from the European Centre for Medium-Range
Weather Forecasts” (ECMWF) ERA-Interim reanalyses with 0.75° x 0.75° grid spacing (Dee et
al. 2011). Grid nudging for free-atmospheric horizontal wind, temperature, and water vapor was
used in the outermost domain to maintain consistency between large-scale simulated features and
the input data over time. Grid nudging was turned off after 72 h of runtime. All model runs used
51 vertical levels up to a model top of 10 hPa and had an increased vertical resolution near the
surface (23 vertical levels below 850 hPa) to simulate processes more effectively within the
planetary boundary layer, toward which polar-low tracks can be sensitive (Claud et al. 2004) and
are crucial for modeling near-surface conditions. Positive-definite advection of meteorological

parameters was utilized.

The new Kain-Fritsch (Kain 2004) cumulus parameterization scheme was applied to all

but the innermost domain, which used no parameterization due to its high resolution allowing



convection to be explicitly resolved (Gentry and Lackmann 2010). Thompson’s new double-
moment bulk microphysics scheme (Thompson et al. 2008) and the Yonsei University (YSU)
planetary boundary layer scheme with non-local closure (Hong et al. 2006) were used throughout
all domains. The Rapid Radiative Transfer Model for General Circulation Models (RRTMG;
Iacono et al. 2008) longwave and Goddard shortwave (Chou and Suarez 1994) schemes were
implemented. The MMS5 similarity surface scheme (Paulson 1970; Dyer and Hicks 1970; Webb
1970; Zhang and Anthes 1982; Beljaars 1994) was used in conjunction with the Unified NOAH
Land Surface model option (Tewari et al. 2004). Sea surface temperatures (SSTs) and sea-ice flags

throughout model simulations are always equal to those at the initialization time.

2.3. Model Verification

Wind data were taken from NASA’s QuikSCAT scatterometry data set (version 3; Fore et
al. 2014), which provides level 2 information in swaths and has a grid spacing of 12.5 km x 12.5
km. Backscattered power resulting from the roughness of the ocean surface is detected by a
scatterometer, which is used to infer winds at a reference height assuming a neutrally stratified
atmosphere (Liu 2002). These inferred winds are called equivalent neutral winds. The equivalent
neutral wind data is compared with simulated 10 m wind vectors to determine the model’s accuracy
in representing this crucial field. A data swath is provided approximately every 1.7 h from 27
October 1999 to 22 November 2009. The time coverage limited the storms available for analysis.
The availability of swath data for a region covering particular storms had to be considered before
analysis could be conducted, further limiting analysis possibilities. All data were taken directly
from NASA’s publically-accessible Physical Oceanography Distributed Active Archive Center

(PODAAC, http://podaac.jpl.nasa.gov/).



2.4. Reanalysis Data

The Arctic System Reanalysis version 1 (ASRvl) data set combines modeling and
observations to construct air-sea and ice-land surface system descriptions of the Arctic region
(domain shown in Fig. 3) every 3 h from the start of 2000 to the end of 2012. The forecast model
used in ASRv1 is the Polar WRF: an adaptation of the WRF model version 3.3.1 specifically
designed for polar environments (Hines and Bromwich 2008; Bromwich et al. 2009; Hines et al.
2011). The Polar WRF model uses the staggered Arakawa grid-C with 361 x 361 grid points and
30 km x 30 km grid spacing on a latitude-longitude plane. Polar WRF uses terrain-following, dry
hydrostatic-pressure vertical coordinates with 71 vertical levels and a model top of 10 hPa. More

than 25 of the 71 vertical levels are packed below 850 hPa, with the lowest model level at 8 m

Table 1. Characteristic details of the WRF model employed and ASRvl1.

CHEARACTERISTIC

Wzr MopsL

ASEv]

Model

Drvnamical core
Lateral boundary conditions
Horizental reselution

Westing behavior
Horizental grid type
Wertical resolution
Time-integration scheme
Sea surface temperature
Sea-lce

Land surface

Planetary boundary layver

Fadiation
Microphysics

Cumnlus parameterization

WEF version 1.5

WNon-hydrostatic, Eulerian, fully comprassible
EEA-Interim

36 km cuter domain, 12 km intermediate
domain, 4 km mner demain

Ona-way nesting {dewnscale only)

Arakawa C-Gnd staggering

51 vertical levels, 10 hPa model top
Third-order Runge-Kutia

EEA-Interim, constant from initialization
EEA-Interim sea-ice cover, constant from
imitialization

Umfied WOAH Land Swrface Model

Yonse: University (Y51

EETMG longwave and
oddard shortwave schemes,

Thompson double-moment bulk schemea

Nons in the 4 km inner domam; Naw
EKain-Fritsch otherwise

Polar WEF version 3131 coupled to NOAH
Land Surface Model

WNon-hydrostatic, Eulerian, fully comprassible
EEA-Interim

90 km outer domazin, 30 km inner domain

Ona-way nesting {dewnscale only)
Arakawa C-Gnd staggering

71 vertical levels, 10 hPa model top
Third-order Runge-Kutia
EEA-Intertim, time-variable

Time-variable with concentration and thickness
from SSMI and AMSEE data, annually varying

albedo, and seasonally varving snow cover

High Resclution Land Data Assimilation System
(HELDAS; Chen et al. 2007) with NOAH Land
Surface Model

Mellor-Yamada-Nakanishi-Nine (MYNN)
(Makanishi 200]1; Wakanizhi and MNuno 2004
WNakamizhi and MNiina 2008) 2.5-laval scheme

EETMG longwave and shortwave schemes

Goddard (Tao and Simpson 1993; Tao et al
2003)

Kain-Fritseh (Kamn and Frieseh 1990; Kam and
Fritsch 1993}
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Fig. 3. ASRv1 30 km resolution product domain centered over 90°N. Reanalyses are available every
3h

above the surface. Polar WREF utilizes an improved NOAH Land Surface model that includes
fractional sea ice and additional sea-ice characteristics, such as thickness, snow cover on sea ice,
and albedo. ASRv1 assimilates atmospheric observations from conventional observations from
ships, buoys, radiosondes, and METARs; as well as satellite observations and radiance
information. Bromwich et al. (2015) explain extensively Polar WRF model parameterizations and
specifics, and detail the data assimilation techniques employed for ASRvl. A summary of the

reanalysis’ characteristics is provided in Table 1.

Displays of 6-hourly averaged surface turbulent fluxes from the National Centers for

Environmental Prediction’s (NCEP) Climate Forecast System Reanalysis (CFSR; Saha et al. 2006)

11



also are provided for completeness. The CFSR dataset includes surface turbulent fluxes with a
0.312° x ~0.312° grid spacing. CFSR data can be used to prescribe the atmospheric state in an
ocean model, and its information is included to illustrate differences between the arctic-specific
ASRv1 dataset and CFSR’s global dataset. From such comparisons, the possible impacts of

assimilating ASRv1 information into a model instead of CFSR data (for example) are investigated.
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CHAPTER THREE
RESULTS

The near-surface winds from WRF Model results and ASRv1 are investigated first. Since the wind
profile close to water surfaces influences the fluxes, an examination of 10 m wind speeds provides
insight regarding its impact on flux calculations. A thorough analysis of surface turbulent fluxes
follows. The analyses include spatial plots and distributions of fluxes. Domains for the spatial plots
are chosen and intended to encapsulate storms entirely throughout their lifetime, while limiting
excess area surrounding the storms (to reduce inclusion of that data in distributions). Three cases
will be examined: a hurricane-like December 2002 polar low, a December 2006 polar low, and a

pair of polar mesocyclones in December 2006.

3.1. Near-surface Wind Vectors

3.1.1. December 2002 Polar Low

The polar low located west of Novaya Zemlya (islands north of Russia) from 18 — 20
December 2002 developed an impressive, tropical cyclone-like structure complete with spiral
cloud bands, a clear eye and warm core, and horizontal axisymmetry that was readily visible from
satellite imagery (Fig. 1a). Fgre et al. (2012) modeled and analyzed “hurricane-like” heat fluxes
associated with this storm. Baroclinicity and upper-level potential vorticity forcing drove a

deepening phase that allowed the polar low to develop an approximate central pressure of 960 hPa.

The storm’s center developed a clear, calm eye with an eyewall. Wind speeds at 10 m from
the WRF simulation and ASRv1 data (Fig. 4) are strongest around the calm center of the storm,

with maximum winds exceeding 25 m s' in WRF, and maximum winds greater than 20 m s in

13
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Fig. 4. Shaded 10 m horizontal wind speeds for the innermost domain about the December 2002 polar
low (24°E — 67°E, 70°N — 78°N). (a) WRF simulation winds with overlaid contours of surface pressure
(1 hPainterval, ~955 hPa minimum) at 0600 UTC 19 December 2002. (b) ASRv1 winds with contoured
mean sea-level pressure (1 hPa interval, ~960 hPa minimum) from 0600 UTC 19 December 2002. The
polar low at this time is near peak intensity as it recurves westward near Novaya Zemlya. Wind data are
masked out over sea ice and land, and pressure contours are masked out over land.

ASRv1. While the 10 m wind fields in the environment about the storm generally appear similar
between the WRF simulation and ASRv1, the WRF simulation produced a stronger maximum
10 m wind speed than ASRv1 throughout the polar low’s lifetime. The maximum near-surface
winds in the WRF simulation are located within the eyewall. Strong near-surface wind speeds in
ASRv1 encompass a broader area about a calm center of rotation. While the WRF model’s stronger

10 m winds cover less area than ASRv1, the simulation’s greater wind maximum implies a stronger

wind shear near the surface, thus affecting surface turbulent fluxes.

QuikSCAT swath data of the storm at 1603 UTC 19 December 2002 provide the 10 m
equivalent neutral wind field (Fig. 5). Winds from the QuikSCAT product and the WRF simulation
at 1600 UTC 19 December 2002 generally agree with the polar low’s position and strength. The
swath of gale force winds to the west of the storm is visible in both the model and the scatterometry
data, and both depict the storm with maximum sustained winds exceeding 20 m s! (the threshold

for reliable QuikSCAT wind speed measurements, according to the product
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Fig. 5. (a) QuikSCAT 10 m equivalent neutral wind speeds (m s') from swath data at 1603 UTC 19
December 2002. (b) WRF model simulated 10 m wind speeds (m s™) at 1600 UTC 19 December 2002.
Wind data over ice and near land has been removed in QuikSCAT.

description) and a calm eye. The area of wind speeds stronger than 12 m s’ south and southwest

of the polar low appears larger in QuikSCAT than the model simulation.

The similarities between ASRv1 and the WRF simulation outside of the resolution-based
discrepancies (i.e., WRF simulation’s small-scale amplifications in the wind) suggest that sizable
differences in fluxes resulting from the near-surface wind can be attributed to ASRv1’s resolution.
The near-surface wind profile accuracy is especially important in calculating momentum flux. Heat
fluxes also are dependent on the near-surface wind profile; however, heat fluxes are also dependent

on other near-surface profiles (e.g., temperature and moisture).
3.1.2. December 2006 Polar Low

A weaker, smaller spiraliform polar low that travelled along Norway’s coastline on 12
December 2006 did not develop the “hurricane-like” features present in the December 2002 storm.

Once again, the WRF simulations of this polar low depicted stronger 10 m wind speeds than the
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Fig. 6. Shaded 10 m wind speeds from the December 2006 polar low. The domain is positioned over
the storm’s minimum pressure with ~550 km width and length at the center of the domain. (a) WRF
simulated winds and contoured surface pressure (1 hPa interval, ~963 hPa minimum) at 0900 UTC 12
December 2006. (b) ASRv1 wind data with contoured mean sea-level pressure (1 hPa interval, ~964
hPa minimum) at 0900 UTC 12 December 2006. The polar low travels north-northeastward, east of
Norway. In the WRF simulation, there appear to be areas of increased wind speed in the swath of wind
speeds greater than 15 m s when compared to ASRv].

ASRv1 data south of the storm’s center (Fig. 6), with the strongest winds exceeding 20 m s
However, the spatial distribution and pattern of wind speeds about the storm is mostly similar
throughout the storm’s lifetime. The strongest wind swath in both sets of data is oriented along the
southeastern portion of the storm’s center. Weaker winds (~5 m s™') persisted north of the calm
and open storm center. Both the WRF simulation and ASRv1 data suggest the storm developed a
963 hPa central pressure, approximately, around 0900 UTC 12 December 2006. As the polar low
advanced north-northeastward away from Iceland and along the coast of Norway, it began to
dissipate. The WRF simulation depicts the storm impacting the northern coast of Norway at 2100
UTC 12 December 2006, while ASRv1 sees the storm vanish over the open water just northwest

of Norway during the early hours of 13 December 2006 (not shown).
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Fig. 7. (a) QuikSCAT 10 m equivalent neutral wind speeds (m s™) from swath data at 0402 UTC 12
December 2006, with a focus on the polar low east-northeast of Iceland. (b) WRF model simulated
10 m wind speeds (m s) at 0400 UTC 12 December 2006. Wind data near land and 0° longitude has
been removed in QuikSCAT data.

QuikSCAT ocean winds data encompassed the polar low at 0402 UTC 12 December 2006
(Fig. 7). The 10 m equivalent neutral wind field is compared against the WRF simulation at 0400
UTC 12 December 2006. Both datasets suggest that the winds south of the storm’s center are
strongest, exceeding 18 m s'. QuikSCAT winds on the north side of the storm are ~6 — 12 m s,

with the simulation calculating even weaker winds in the area (~ 3 -6 m ™).

The WRF simulation and ASRv1 differ in the storm’s location and the 10 m wind speeds
to the west of the storm, where wind speeds are slightly stronger in the WRF simulation than
ASRv1. The 10 m wind speeds are also stronger south of the storm in the WRF simulation, but it
appears that the difference in resolution may be responsible for the difference in 10 m wind speeds
in this area. The wave-like amplifications of WRF simulated 10 m wind speed south of the storm

are likely too small in size for ASRv1 to resolve.
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3.1.3. December 2006 Sub-350 km Polar Mesocyclones

The AVHRR satellite imagery available at 0950 UTC 12 December 2006 (Fig. 2) indicate
two cyclonic signatures at first glance: a polar low east of Iceland—discussed in the previous
subsection—and a smaller polar mesocyclone south of Svalbard archipelago. Upon closer
examination, a less-defined third cyclonic signature appears to be present west of the northernmost

polar mesocyclone.

Compared to the previous cases, there is less agreement between the WRF simulation and
ASRv1 representing these smaller-scale mesocyclones. The surface analysis at 0900 UTC 12
December 2006 (Fig. 8) reveals notable discrepancies between the WRF experiment and ASRv1:
The model (Fig. 8a) simulates three low pressure centers that are separated from one another by
approximately 2 hPa, while ASRv1 (Fig. 8b) depicts a single elongated low. In the WRF
simulation, strong north-northwesterly 10 m winds (> 15 m s™!) near sea ice off the coast of
Greenland produce an isolated outbreak of cold air; while ASRv1 10 m winds are calmer in that
region (~10 m s™). In close proximity to the three mesocyclones from the WRF simulation are
small regions of enhanced near-surface wind speeds exceeding 15 m s™'. The one mesocyclone
present in ASRv1 at 0900 UTC 12 December 2006 appears to have a maximum 10 m wind speed
no greater than 15 m s!; however, an area of 10 m winds greater than 10 m s! is present along the

north side of the storm, which is absent in the WRF simulation.

The QuikSCAT swath data from 0402 UTC 12 December 2006 (Fig. 9a) suggest that only
two polar mesocyclones exist at this time, while the WRF model simulates three mesocyclones at
0400 UTC 12 December 2006 (the extra in the southwest corner of the domain; Fig. 9b). In general,

the winds around this system are weaker in the WRF simulation than in QuikSCAT, with the
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Fig. 8. Shaded 10 m horizontal wind speeds about the smaller polar mesocyclones north of the
December 2006 polar low (3°W — 30°E, 69.5°N — 77°N). (a) WRF simulated winds with contoured
surface pressure (1 hPa interval) at 0900 UTC 12 December 2006. (b) ASRv1 wind data and contoured
mean sea-level pressure (1 hPa interval) at 0900 UTC 12 December 2006. The domain is situated just

south of Svalbard archipelago and northwest of Norway. The 963 hPa contour is marked. Wind and
pressure data are masked out over land.
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Fig. 9. (a) QuikSCAT 10 m equivalent neutral wind speeds (m s') from swath data at 0402 UTC 12
December 2006, focusing on the polar mesocyclones south of Svalbard archipelago. (b) WRF model
simulated 10 m wind speeds (m s™!) at 0400 UTC 12 December 2006. Wind data near land, ice, and 0°
longitude has been removed in QuikSCAT data. Cyclonic wind signatures are marked with black arrows.
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simulation showing a much larger area of wind speeds less than 6 m s

Because the QuikSCAT information appears to disagree considerably with the WRF
simulation on its depiction of the system, it would be difficult to defend the simulation results as
a substitute for ground truth information of this system. The ASRv1 data seem more consistent
with the satellite’s illustration of the system than the WRF simulation, though the near-surface
winds to the east-southeast of the system are weaker in ASRv1 than QuikSCAT implies via

equivalent neutral wind data.
3.2. Momentum Flux

Momentum flux—or wind stress magnitude (hereafter simplified as wind stress)—is a
vertical flux of horizontal momentum, expressed as a force per unit area (commonly N m). The

WREF surface schemes define momentum flux, t :
() T = pU,U,

Equation 1 uses the product of air density, p, and the square of friction velocity, u,, . Spatial plots

and distributions of momentum flux will be examined for the three cases. The data shown in spatial
plots will be used to create distributions. Due to the movement of the December 2006 polar low, a
~ 550 km x 550 km moving domain will follow the storm with time, centered on its minimum sea-
level pressure (which is different between the WRF simulation and ASRv1). The domains used
for the December 2002 polar low and the December 2006 polar mesocyclones are static and shared

between the WRF simulation and ASRv1.
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3.2.1. December 2002 Polar Low

An examination of near-surface winds suggests that the “hurricane-like” polar low from 18
December to 20 December 2002 west of Novaya Zemlya (Fig. 4) should be associated with
impressive wind stresses, especially coincident with its eyewall. Indeed, the momentum fluxes
calculated in the WRF simulation exceed 2.5 N m™ near the eye of the polar low (Fig. 10a) from
2100 UTC 18 December to 1200 UTC 19 December, and nearly 4 N m~2at 0300 UTC 19 December
(Fig. 11). Conversely, using ASRv1, the momentum fluxes never exceed 2.5 N m™. In addition,
the extent of wind stresses stronger than 1.25 N m™ in ASRv1 data appears to be greater than in
the WRF simulation (Fig. 10b). The 6-hourly average of momentum flux in CFSR data (averaged
from 0600 UTC to 1200 UTC 19 December; Fig. 10c) appears to capture the storm itself, but the

wind stresses are much weaker (< 1.5 N m throughout) than in ASRv1 and the WRF simulation.

Throughout most of the polar low’s lifetime, the extreme values of momentum flux in the
WREF simulation are greater than those in the ASRv1 data (Fig. 11). For several time periods, the
maximum value of momentum flux in the WRF simulation is at least 0.5 N m™ greater than the
maximum in ASRv1. Despite these differences, the median, 25th percentile, and 75 percentile of
wind stress distributions in the domain about the storm are often greater in the ASRv1 data than
the WRF simulation. The WRF simulation produced weaker wind stresses in much of the area
outside the region of intense momentum fluxes (about the eyewall) compared to ASRv1. Thus, the
WRF model does not persistently simulate stronger wind stresses than ASRv1 throughout the
domain, even though the maximum momentum fluxes are often greater in WRF. The differences
in the maximum momentum fluxes are likely a result of ASRv1’s coarser resolution not capturing

the strongest momentum fluxes, which cover a small area as seen in Fig. 10a.
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Fig. 10. (a) Shaded momentum flux (N m?) from a WRF simulation at 0600 UTC 19 December 2002.
(b) Shaded momentum flux (N m?) in ASRv1 data at 0600 UTC 19 December 2002. (c¢) CFSR Shaded
6-hour average momentum flux (N m?), averaged from 0600 UTC to 1200 UTC 19 December 2002.
Wind stress data are masked out over land and sea ice. At this time, a small area of intense wind stress
greater than 2.5 N m™ can be seen surrounding the polar low’s eye in the WRF simulation. The
distributions of the data in the domain are shown in Fig. 11.
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Fig. 11. Distributions of momentum flux (N m) from (a) the WRF simulation and (b) ASRv1 during
the lifetime of the December 2002 polar low. Data is taken from the domain shown in Fig. 10 (masked
out data removed). Black lines mark the median of data in the area, and blue lines indicate the 25" and
75" percentiles (125 and 175 respectively). Green lines demarcate the range of non-extreme values, where
values between lines are less than 175 + 1.5 X (175 — T25) and greater than 125 - 1.5 X (175 — T25). EXtreme
data are red dots, with maxima and minima marked with red lines.

The most noticeable momentum flux differences between ASRv1 and the WRF simulation
lie in the extreme values, which can be attributed to a difference in resolution. Otherwise, ASRv1

and the WRF simulation produce similar distributions of momentum flux. Both the WRF model

and ASRv1 produce greater momentum fluxes than CFSR provides for this storm.
3.2.2. December 2006 Polar Low

The December 2006 polar low was not as strong or as large as the December 2002 storm,
but Fig. 5 suggests that the storm did produce swaths of wind near or greater than gale force. The
WREF simulation again produces a wider range of momentum fluxes around the storm that includes
stronger extreme values over small areas (Fig. 12). The maximum wind stresses over time for the
WRF simulation are often greater than 1.5 N m~2, whereas momentum fluxes from ASRv1 never
exceed 1.4 N m (Fig. 13). Unlike the differences seen between the WRF simulation and ASRv1

in representing the December 2002 polar low (Fig. 11), the WRF simulation seems to produce
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Fig. 12. (a) Shaded momentum flux (N m~) from a WRF simulation at 0900 UTC 12 December 2006.
(b) Shaded momentum flux (N m2) in ASRv1 data at 0900 UTC 12 December 2006. (c) CFSR Shaded
6-hour average momentum flux (N m?), averaged from 0600 UTC to 1200 UTC 12 December 2006.
The position of this domain changes with time, following the storm’s minimum pressure.
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Fig. 13. Distributions of momentum flux (N m) from (a) the WRF simulation and (b) ASRv1 for the
December 2006 polar low. Black lines mark the median of data in the area, and blue lines indicate the
25™ and 75™ percentiles (125 and 175 respectively). Green lines demarcate the range of non-extreme
values, where values between lines are less than t75 + 1.5 X (75 — T25) and greater than 15 - 1.5 X (175 —
T2s). Extreme data are red dots, with maxima and minima marked with red lines.

distributions of momentum flux that are stronger than ASRv1. Both the upper and lower quartiles
from WRF are almost always greater than those from ASRv1 (exception at 0300 UTC 12
December 2006). The 6-hour average momentum flux (0600 UTC to 1200 UTC 12 December)
from CFSR shows a swath of increased wind stresses, the highest values of which are greater than

1.25 Nm?2,

The WRF simulation produces stronger momentum fluxes than the ASRv1 data throughout
most of the lifetime of the polar low. The differences in maximum wind stress between the two
sets of data are often between 0.2 N m™ and 0.6 N m™ (Fig. 13). Differences between lower and
upper quartiles are usually around 0.1 N m? and no greater than 0.2 N m™. Since the WRF
simulated wind stresses are often greater than those in ASRv1, there is the question of whether a
data set is calculating wind stresses to be systematically stronger or weaker. Comparisons between
ASRv1 and WRF simulated 10 m winds (Fig. 6) suggest that near-surface winds in WRF are often

stronger; and QuikSCAT wind data (Fig. 7) appears to support WRF’s stronger winds, which can
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explain the persistent difference in wind stress between ASRv1l and WRF. Momentum flux also
considers the air density near the surface, which also may be causing differences. The 6-hourly
averaged CFSR (from 0600 UTC to 1200 UTC 12 December 2006) also produces stronger
momentum fluxes than ASRv1 at 0900 UTC 12 December 2006. However, the difference between
CFSR and ASRv1 may be due to the 6-hour averaging in CFSR, which would include information

from near the polar low’s peak intensity at 1200 UTC 12 December 2006 (Fig. 13).

3.2.3. December 2006 Sub-350 km Polar Mesocyclones

Analyzing the environment containing the set of polar mesocyclones north of the polar low
reveals a cold-air outbreak off the edge of sea ice along Greenland’s eastern coast. Because this
research is not concerned with representing cold-air outbreaks, but is intended to focus on the polar
mesocyclones, data west of the Greenwich meridian and north of 73.5°N is omitted (Fig. 14) from
this analysis. Including these data near the cold-air outbreak otherwise affect the flux distributions

to a large degree, particularly those data concerning heat fluxes.

The WRF simulation and ASRv1 data portray the system north of the December 2006 polar
low differently, as seen in the analysis of the near-surface winds and pressure fields (Fig. 8). A
view of the wind stresses (Fig. 14) echoes these differences. Generally, the wind stress field is
weak across the WRF simulation, the ASRv1 dataset, and the CFSR 6-hourly average dataset.
However, there are small-scale areas of increased wind stress seen in the WRF model results, as
already seen in previous wind stress analyses. In the WRF simulation, the strongest momentum
fluxes are persistently greater than 0.8 N m™ and sometimes exceed 1.0 N m? (Fig. 15). The

ASRv1 momentum fluxes are often less than 0.8 N m™2. A majority of the wind stresses in the
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Fig. 14. (a) Shaded momentum flux (N m?) from a WRF simulation at 0900 UTC 12 December 2006.
(b) Shaded momentum flux (N m?) in ASRv1 data at 0900 UTC 12 December 2006. (¢) CFSR Shaded
6-hour average momentum flux (N m?), averaged from 0600 UTC to 1200 UTC 12 December 2006.
The domain shown in these figures is used to gather the information for Fig. 15. Data over land or sea
ice is masked out. To remove influence from a cold-air outbreak on analysis, data that are both west of
the Greenwich meridian and north of 73.5°N is also masked out (seen in the top-left corner).

27



1.2- - 12 .
- 1
& 1.0 A . 1.0
= /S
. b
z :
X 0.8- < 0.8F ] 1
= "",/“ S ’:' ! 1
E 0.6F -4 0.6 7_711/ \ | T ‘ i
i I~ AN} i ] i {
Q \.._\i i i
2 04 - 0.4 R
——— O —
N T h
0K & R A A Y 0K N O O R
A S A T [ A S T A & & & ¢ * I
& <& < < < & < < < 2 & < < < & <& <& <
F & T T TS o & T S
o o g o N W R i d J o N N N i

Fig. 15. Distributions of momentum flux (N m) from (a) the WRF simulation and (b) ASRv1 for the
December 2006 polar mesocyclones shown in Fig. 14. Black lines mark the median of data in the area,
and blue lines indicate the 25" and 75™ percentiles (125 and 175 respectively). Green lines demarcate the
range of non-extreme values, where values between lines are less than 175 + 1.5 x (175 — T25) and greater
than t25 - 1.5 x (175 — T25). Extreme data are red dots, with maxima and minima marked with red lines.

domain are less than 0.6 N m in both sets of data, with the upper quartiles often less than 0.3 N
m. The discrepancies between the WRF simulation and ASRv1 data are noted, but it is unclear

how much impact the differences would have in ocean modeling. Examinations of heat flux

(including domain-integrated heat flux) will provide additional insight on potential impacts.
3.3. Heat Flux

Heat flux considers both sensible and latent heat flux, which are expressed as power per
unit area (W m). Sensible heat flux is the vertical transfer of heat via conduction and convection.
Latent heat flux represents the vertical transfer of energy due to latent heat release associated with

water phase changes (e.g., condensation). The WRF surface schemes calculate heat fluxes:
2) H = pcyu,0,

3 Q=plyu.q.
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Equations 2 and 3 represent sensible heat flux and latent heat flux, respectively, where p is the air
density, cp is the specific heat of air at constant pressure, Ly is the latent heat of water vaporization,

u, is the friction velocity, g, is a moisture term analogous to friction velocity, and 0, is a

temperature term analogous to friction velocity.
3.3.1. December 2002 Polar Low

Before the December 2002 polar low developed a hurricane-like form to the west of
Novaya Zemlya, a baroclinic zone was situated along the edge of the sea ice, with low 950 — 500
hPa thicknesses oriented over the sea ice and higher thicknesses over the open waters of the Barents
Sea (not shown). As the low approached the baroclinic area and induced southward winds, cold-
air advection occurred as the air originating over the sea ice was carried over the open water. A
cold air outbreak resulted in the wake of the low as it developed into the spiraliform polar low
observed herein. Differences in sea surface temperature and 2-meter temperature increased greatly,
sometimes in excess of 20°C along the sea ice edge. Around the polar low’s center and eyewall,
the temperature differences in the simulation and ASRv1 were usually less than 10°C and as low

as 4°C (not shown).

The air-sea temperature differences in conjunction with the strong near-surface wind
speeds around the storm should be reflected in sensible heat fluxes. The air moving southward off
from the sea ice also should contain less moisture than the maritime air over the water, which will
impact latent heat fluxes. Sensible heat fluxes at 0600 UTC 19 December 2002 (Fig. 16a — c)
appear mostly similar across the WRF simulation and ASRv1 data. The WRF simulation suggests
an extension of strong sensible heat fluxes exceeding 700 W m? just south of the polar low’s eye.

At the western edge of the domain, ASRv1 produces a larger area of very strong sensible heat
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Fig. 16. (a-c) Shaded sensible heat flux (W m?) from (a) the WRF simulation at 0600 UTC 19
December 2002, (b) ASRv1 data at 0600 UTC 19 December 2002, and (c) CFSR data averaged over 6
hours from 0600 UTC to 1200 UTC 19 December 2002. (d-f) Shaded latent heat flux (W m™) at the
same times as in (a-c) from (d) the WRF simulation, (¢) ASRv1 data, and (f) CFSR averaged data. Data
are masked out over land and sea ice. The distributions of the data in the domain are shown in Fig. 17.
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Fig. 17. Distributions of sensible heat flux (top, W m) and latent heat flux (bottom, W m) from (left;
a, ¢) the WRF simulation and (right; b, d) ASRv1 during the lifetime of the December 2002 polar low.
Black lines mark the median of data in the area, and blue lines indicate the 25" and 75™ percentiles (Has
and H7s respectively). Green lines demarcate the range of non-extreme values, where values between
lines are less than Hys + 1.5 x (H7s — Has) and greater than Has - 1.5 x (H7s — Has). Extreme data are red
dots, with maxima and minima marked with red lines.

fluxes in excess of 1000 W m™. The gradient of sensible heat flux along the storm’s western
eyewall is much sharper in the WRF simulation than in ASRv1, which appears to be a result of
differing resolutions. The 6-hourly average of sensible heat flux from the CFSR product is
substantially weaker along the sea ice edge in comparison to the simulation and ASRvl, with

maximum heat fluxes around 700 W m™.
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Distributions of sensible heat flux (Fig. 17) include simulated fluxes of ~1800 W m™.
Sensible heat fluxes exceeding 1400 W m™ are confined to the edge of the sea ice west of the
cyclone, where large air-sea temperature differences are located (~20°C difference between sea
surface temperature and 2-meter temperature; not shown). Because the sea surface temperatures
and sea-ice locations remain constant throughout the simulation, the air-sea temperature
differences (and thus, the sensible heat fluxes) are likely affected. A prolonged period of heat flux

out from the water and into the atmosphere should decrease the surface temperature over time.

Latent heat fluxes in ASRv1 tend to be greater than those from the simulation (Figs. 16 and
17). For the range of times in Fig. 17, the interquartile range of ASRv1 latent heat flux is always
greater than the simulation; and its maximum values also are often greater than the simulation.
This difference in maximum latent heat flux implies a discrepancy in the near-surface moisture
profile not exclusively dependent on resolution. Averaged latent heat fluxes from CFSR data are
often weaker than the simulation and ASRv1, with some local differences being greater than 200
W m~. Because the distributions of wind stress in ASRv1 for this storm (Fig. 11) suggest greater
momentum fluxes over the entire domain compared to the simulation, the stronger latent heat
fluxes are likely—in part—a result of stronger wind shear near the surface. Differences between
ASRv1 and the simulation in the amount of moisture in the air near the surface can also contribute

to differences in the latent heat flux.
3.3.2. December 2006 Polar Low

Air-sea temperature contrasts associated with the December 2006 polar low were not as
impressive as those seen in the December 2002 polar low. Therefore, values of sensible heat flux

are much smaller. Around the storm, no values of sensible heat flux exceeding 200 W m~ are
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evident (Fig. 18a — c¢). The polar low remained away from sources of frigid air that could
potentially translate over warmer open water, moving north-northeast across the Norwegian Sea
in the WRF simulation and reanalyses. At 0900 UTC 12 December 2006, ASRv1 reanalyses and
CFSR 6-hour averaged data depict areas of weak negative sensible heat flux near the storm (~10
W m™), while the WRF simulation produces mostly non-negative sensible heat fluxes, especially
to the west and northeast of the storm’s center (~50 — 100 W m). Spatial distributions of sensible
heat flux (Fig. 19, top) show a clear difference between the model and ASRv1: The simulation
often produces stronger sensible heat fluxes than ASRvl. Upper and lower limits of the
interquartile range for the simulation’s sensible heat fluxes are often ~25 W m greater than those
from ASRvI1. Readily noticeable areas of negative sensible heat flux appear in ASRv1, because
the air-sea temperature differences are reversed in sign—the near-surface air temperature is
warmer than the water beneath it. The apparent difference in the near-surface temperature profile

between ASRv1 and the WRF simulation does not seem to be a result of differing resolution.

The WRF simulation includes small bands of enhanced latent heat flux (> 200 W m™; Fig.
18d — f), which the ASRv1 would likely be too coarse to resolve. ASRv1 latent heat fluxes around
the polar low at 0900 UTC 12 December 2006 are less than 200 W m throughout the domain,
while the simulation and the CFSR 0600 UTC — 1200 UTC 12 December 2006 average both have
areas of latent heat flux exceeding 200 W m™. The spread, as well as most magnitudes, of latent
heat flux data is greater in the WRF simulation than ASRv1 (Fig. 19, bottom). The lower limit of
the interquartile range from ASRv1 data is always less than the WRF simulation, with differences
ranging from near zero to ~40 W m. Differences in latent heat flux between the model and ASRv1
are linked to the near-surface wind speeds (and subsequently the wind shear and stress), although

the latent heat flux is also influenced by the moisture profile and air density near the surface.

33



B bl
68°N = .'.5

67°N| TP

W  3°W 0’ 3°E

W/ 2
200 400 600 800 1000 0 80 160 240 320 400

Fig. 18. (a-c) Shaded sensible heat flux (W m™2) from (a) the WRF simulation at 0900 UTC 12
December 2006, (b) ASRv1 data at 0900 UTC 12 December 2006, and (c) CFSR data averaged over 6
hours from 0600 UTC to 1200 UTC 12 December 2006. (d-f) Shaded latent heat flux (W m™) at the
same times as in (a-c) from (d) the WRF simulation, () ASRv1 data, and (f) CFSR averaged data.
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Fig. 19. Distributions of sensible heat flux (top, W m) and latent heat flux (bottom, W m) from (left;
a, ¢) the WRF simulation and (right; b, d) ASRv1 during the lifetime of the December 2006 polar low.
Black lines mark the median of data in the area, and blue lines indicate the 25" and 75™ percentiles (Has
and Hys respectively). Green lines demarcate the range of non-extreme values, where values between
lines are less than H7s + 1.5 x (H7s — Has) and greater than Hos - 1.5 x (H7s — Has). Extreme data are red
dots, with maxima and minima marked with red lines.

The comparisons of the sensible and latent heat fluxes reveal that the WRF simulation
produces persistently stronger surface turbulent fluxes associated with this storm than ASRv1. The
sensible heat flux comparison implies a difference in the near-surface temperature profile. The
warmer air temperatures produced in ASRv1 not only result in negative sensible heat flux, but also

lead to lesser values of air density (which is a variable in all surface turbulent flux calculations).
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The differences excluding the small-scale amplifications in the WRF simulation (i.e., resolution-

based) may be attributed to the near-surface winds and temperatures.
3.3.3. December 2006 Sub-350 km Polar Mesocyclones

The polar mesocyclones south of the Svalbard archipelago are represented differently in
the WRF simulation and ASRv1 in analyses of the near-surface wind field, surface and mean sea
level pressure, and momentum flux. However, in plots of sensible heat flux and latent heat flux
(Fig. 20), the simulation and ASRv1 data appear somewhat similar at 0900 UTC 12 December
2006. A region of negative sensible heat flux (~0 —25 W m™% in magnitude) is located in the eastern
portion of the domain, while an area of increased sensible heat flux extends into the domain from
the southwest (~250 W m in WRF simulation, ~150 W m in ASRv1), likely a result of cold air
advection due to westerly flow near Greenland. The CFSR data also present a 6-hour averaged
sensible heat flux field (0600 UTC to 1200 UTC) that seems similar to ASRv1 and the WRF
simulation at 0900 UTC 12 December 2006, although the area of negative sensible heat flux is
larger and covers most of the area north of 73°N. WREF simulated latent heat fluxes at 0900 UTC
12 December increase to 160 — 200 W m™ in the southwest corner of the domain, while ASRv1
data in the same region do not produce latent heat fluxes in excess of 120 W m. Throughout,
small-scale features that ASRv1l would not be able to resolve appear in the simulation, but the
features often have weak amplitudes. Otherwise, the WRF simulation, ASRv1, and the 6-hour
averaged latent heat flux from CFSR data do not seem remarkably different. The total air-sea
energy transfer associated with the polar mesocyclones may illustrate the cumulative impact of

these differences.
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Fig. 20. (a-c) Shaded sensible heat flux (W m?) from (a) the WRF simulation at 0900 UTC 12
December 2006, (b) ASRv1 data at 0900 UTC 12 December 2006, and (c) CFSR data averaged over 6
hours from 0600 UTC to 1200 UTC 12 December 2006. (d-f) Shaded latent heat flux (W m™) at the
same times as in (a-c) from (d) the WRF simulation, (¢) ASRv1 data, and (f) CFSR averaged data. Data
are masked out over land. The distributions of the data in the domain are shown in Fig. 21.
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Fig. 21. Distributions of sensible heat flux (top, W m) and latent heat flux (bottom, W m) from (left;
a, ¢) the WRF simulation and (right; b, d) ASRv1 for the December 2006 polar mesocyclones shown in
Fig. 20. Black lines mark the median of data in the area, and blue lines indicate the 25™ and 75™
percentiles (Has and Hys respectively). Green lines demarcate the range of non-extreme values, where
values between lines are less than Hys + 1.5 x (H7s — Hos) and greater than Hys - 1.5 x (H7s — Hos).
Extreme data are red dots, with maxima and minima marked with red lines.

Considering the domain from 2100 UTC 11 to 2100 UTC 12 December 2006 (Fig. 21), the
spreads of data excluding extreme values are very similar. The 25" and 75" percentile lines for
sensible heat flux are consistently ~10 W m2 apart between the WRF simulation and ASRv1, with
the simulation having the greater sensible heat flux values. Latent heat flux distributions are also

similar, with the WRF simulation and ASRv1 interquartile range limits often being less than 10
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W m different from one another. Extreme values of sensible and latent heat flux are usually
stronger in the simulation than in ASRv1. The greatest simulated sensible heat fluxes are ~280 W
m™, which is about 100 W m™ greater than the maximum value from ASRv1 at 0900 UTC 12
December 2006. The extreme heat flux values in the simulation are attributable to cold, drier air
entering the domain in the southwest corner of the domain (Fig. 20). Fig. 8 shows the WRF
simulation’s near-surface winds are stronger than ASRv1 in this region, which suggests stronger
heat fluxes from the difference in the near-surface wind profile and more pronounced cold-air

advection (from stronger north-northwesterly flow).

The domain-integrated sensible and latent heat fluxes associated with this system are
provided in Fig. 22 to illustrate the total amounts of energy transferred at the air-sea boundary.
Despite differences in WRF simulated and ASRv1 heat fluxes that appear minimal in Figs. 20 and
21, the total heat flux over the domain of the system is noticeably affected. Throughout the
system’s lifetime, a domain-integrated total heat flux difference of at least 5 TW (terawatts, 10
W) is evident between ASRv1 and the WRF simulation. Conservatively approximating a 5 TW
average domain-integrated heat flux difference over the span of 86400 seconds (1 day) results in
a 432 PJ (petajoule, 10" J) difference in energy transferred at the air-sea boundary, which is more
than 103 megatons of TNT. The differing presentations of the sub-350 km polar mesocyclones
between ASRv1 and the WRF simulation (Fig. 8) produced differing surface turbulent fluxes,
which at a glance may appear negligible. However, the calculated cumulative impacts of these

storms are greatly affected by the accuracy of surface turbulent fluxes.

39



50

LEGEND

 WEF LATENT HEAT

* ASEV] LATENT HEAT

» WRF SEMSIRIE HEAT
e = ASEV] SEMSIBLE HEAT

DoMAIN-INTEGRATED HEAT FLUX (102 W)

Fig. 22. Domain-integrated sensible and latent heat fluxes (in terawatts, 10'> W) for the December
2006 sub-350 km polar mesocyclones. Domain-integrated heat fluxes are obtained by calculating an
areal-weighted average of heat flux across the domain (not including masked-out information, as in Figs.
20 and 21), and then multiplying the weighted average by the surface area the flux data occupies. Blue
and magenta lines represent WRF simulation and ASRv1 domain-integrated latent heat fluxes,

respectively; green and red lines represent WRF simulation and ASRv1 domain-integrated sensible heat
fluxes, respectively.
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CHAPTER FOUR
CONCLUSIONS AND DISCUSSION

Three systems of polar mesocyclones with varying sizes were modeled and analyzed, specifically
for the surface turbulent fluxes they imposed over the open water. Using a reanalysis dataset
catered particularly to the arctic—the Arctic System Reanalysis (ASRv1)—with 30 km x 30 km
grid spacing and 3-hourly products, comparisons were made against high-resolution (4 km x 4 km)
Weather Research and Forecasting (WRF) model simulations. Two questions regarding the
representation of polar mesocyclones in ASRv1 were focused on: the ability of ASRv1 to represent
progressively smaller polar mesocyclones (i.e., regarding resolution), and the ability of ASRv1 to
represent polar mesocyclones on a large enough scale for one to assume its resolution is sufficient
(i.e., regarding the physics, dynamics, and information that compose the dataset). Pragmatically,
using data with very high spatiotemporal resolution (possibly produced through a model) to
prescribe the atmospheric state in an ocean-inclusive climate model is likely not viable due to the
sheer amount of resources and time that such a model would require to produce results that would
benefit significantly from that data. Thus, it bears emphasizing that the research means only to
present the differences between ASRv1 data and a high-resolution simulation to focus on the
potential benefits or caveats for using ASRv/ data in an ocean model—not very high-resolution

model simulation data.

Near-surface winds, momentum fluxes, and heat fluxes were investigated in three polar
mesocyclonic systems. The WRF simulation generally produced small-scale, wave-like
amplifications of 10 m wind speed, which is included in all surface turbulent flux calculations as
part of the friction velocity. These amplifications are likely due to the differing resolution between
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ASRv1 and the simulations. However, examinations of sensible and latent heat flux reveal
discrepancies regarding near-surface temperature and moisture profiles, which affect calculations
of air density (used in all surface turbulent fluxes). These differences are most evident in the
December 2006 polar low analysis (Fig. 18), but are also noticeable in latent heat flux analyses of
the December 2002 polar low (Fig. 16d — f) and sensible heat flux analyses of the December 2006
sub-350 km polar mesocyclones (Fig. 20a — c). The differences in the near-surface temperature

and moisture may be explained physically.

ASRvV1 includes updating sea surface temperatures (SSTs) and detailed sea-ice information
(including concentration; see Table 1); the WRF simulation uses static sea surface temperature
(SST field always equal to SSTs at initialization time) and sea-ice flags (not including
concentration, thickness, etc.). These differences have implications on near-surface temperature
and moisture profiles, and ASRv1’s detailed representations of sea surface temperature and sea-
ice fields (compared to the WRF simulation) should be more accurate than the WRF simulation.
Therefore, the differences seen in heat fluxes may be a reflection of the WRF simulation’s lack of
additional SST and sea-ice information. These differences affect air density, thereby affecting

momentum fluxes.

ASRvV1 appears to represent the examined polar mesocyclones reasonably; the differences
between the high-resolution WRF simulation and ASRv1 seemed to be a result of either resolution
or the physical make-up of the data (e.g., detailed sea-ice information in ASRv1). The WRF model
simulation seems to have stronger small-scale surface turbulent fluxes than the ASRv1 dataset,
which may be attributed to ASRv1’s resolution. A set of WRF model simulations with 30 km X
30 km grid spacing will be run in the future to investigate differences independent of resolution.

However, though several differences are noted herein, the impact of such differences should be
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examined in ocean modeling. Further, the cumulative effect of many polar mesocyclones in a
region over time has not been addressed, which would require a comprehensive analysis including
many more storms over a sufficient time period. From the domain-integrated heat fluxes provided
for the December 2006 sub-350 km polar mesocyclones (Fig. 22), it appears that accuracy in

representing fluxes is critical in establishing reasonable air-sea interaction over time.
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