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Abstract 1 

The Polar Weather Research and Forecasting model (Polar WRF), a polar-optimized version of 2 

WRF, is developed by and available to the community from the Ohio State University's Polar 3 

Meteorology Group (PMG) as a code supplement to the WRF release from the National Center 4 

for Atmospheric Research (NCAR). While NCAR official releases are annually updated with 5 

polar modifications, the PMG provides very recent updates to users. Supplement versions up to 6 

WRF Version 3.4 include modified Noah land surface model sea ice treatment, allowing 7 

specified variable sea ice thickness and snow depth over sea ice rather than the default 3 m 8 

thickness and 0.05 m snow depth. Starting with WRF V3.5, these options are implemented by 9 

NCAR into the standard WRF release. Gridded distributions of Arctic ice thickness and snow 10 

depth over sea ice have become recently available. Their impacts are tested with PMG's WRF 11 

V3.5-based Polar WRF in two case studies, both with 20-km horizontal spacing Arctic grids. 12 

First, model results for January 1998 are compared with observations during the Surface Heat 13 

Budget of the Arctic Ocean. It is found that Polar WRF using analyzed thickness and snow depth 14 

fields simulates January 1998 slightly better than WRF without polar settings selected. 15 

Sensitivity tests show the impact of realistic variability in simulated sea ice thickness and snow 16 

depth on near-surface temperature is several degrees. Simulations of a second case study 17 

covering Europe and the Arctic Ocean demonstrate remote impacts of Arctic sea ice thickness on 18 

mid-latitude synoptic meteorology that develop within two weeks during a winter 2012 blocking 19 

event.  20 
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1. Introduction 21 

 22 

During the 20
th

 Century, Southern Hemisphere sea ice was characterized by large 23 

seasonal variations in areal coverage of relatively thin ice surrounding the Antarctic continent, 24 

while much of the Northern Hemisphere’s sea ice was thicker multi-year ice in the Arctic Ocean 25 

that was closer to the pole and surrounded by land masses. The 21
st
 Century, however, has seen 26 

dramatic changes in Arctic sea ice, especially a large reduction in summer sea ice extent (e.g., 27 

Stroeve et al. 2007). Many of the summer/autumn events of lowest observed Arctic sea ice extent 28 

have occurred in recent years, with the 2012 minimum being less than the previous record 29 

minimum during 2007 (Holland 2013). Correspondingly, the amount of Arctic multi-year ice is 30 

decreasing with more of the ice pack represented by seasonal sea ice, and with impacts on the 31 

surface energy balance (Kwok and Untersteiner 2011; Porter et al. 2011; Persson 2012; Hudson 32 

et al. 2013).  Both the cause and consequences of the ice loss are linked to the sea ice albedo 33 

feedback and radiative greenhouse gas forcing (Comiso et al. 2008; Serreze et al. 2007; Kay et 34 

al. 2011; Jaiser et al. 2012). This has prompted considerable discussion of the role of sea ice in 35 

Arctic amplification (e.g., Serreze and Francis 2006). In contrast to the Arctic, there is a slight 36 

positive trend in total Antarctic sea ice area over recent decades (e.g., Zhang 2007; Simpkins et 37 

al. 2013). Zhang (2007) suggests that vertical heat transfer in the ocean may have an important 38 

contribution to the Antarctic trends. Large regional increases and decreases in sea ice extent, 39 

however, are apparent in the Southern Ocean and the latter contribute to rapid warming observed 40 

on the Western Antarctic Peninsula (e.g., Stammerjohn et al. 2008). 41 

Beyond the changes in sea ice concentration well documented by decades of satellite 42 

remote sensing, the available submarine and ICESat observations show reduced sea ice thickness 43 
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in the Arctic (Kwok and Rothrock 2009). Detailed spatial and temporal records of polar sea ice 44 

thickness, however, have been lacking during most of the modern satellite era. Fortunately, the 45 

data vacuum is now being reversed. As an example the very recent Arctic System Reanalysis 46 

(ASR) covering 2000-2012 sought gridded, high-resolution thickness distributions with input 47 

from passive remote sensing (Bromwich et al. 2010). The University of Illinois, in conjunction 48 

with the National Snow and Ice Data Center (NSIDC), were able to achieve this goal by first 49 

estimating sea ice age (e.g., Maslanik et al. 2011), which was then converted into sea ice 50 

thickness, through the allowance for typical annual cycles. In particular, new Arctic sea ice 51 

thickness distributions at 6.25 km horizontal resolution were produced for summer 2002 to 2011 52 

based upon Advanced Microwave Scanning Radiometer - Earth Observing System (AMSR-E) 53 

observations (2002-2011). The sea ice thickness values for 2000 to summer 2002 and after 2011 54 

were produced at 25 km resolution from alternative satellite remote sensing products. 55 

Other efforts have also produced gridded sea ice thickness distributions for recent 56 

decades. For instance, a satellite-based methodology has been used to estimate sea ice thickness 57 

at approximately 25 km resolution by the Pan-Arctic Ice-Ocean Modelling and Assimilation 58 

system (PIOMAS, Laxon et al. 2013). Furthermore, the PIOMAS project used satellite 59 

observations to estimate distributions of snow depth over Arctic sea ice. The spatial and temporal 60 

distribution of this snow depth represented a data void until very recently, similar to sea ice 61 

thickness. Furthermore in the Southern Hemisphere, Steinhoff et al. (2013) used the Antarctic 62 

Sea-ice Processes and Climate program climatology (Worby et al. 2008) based upon ship and 63 

aircraft observations to produce a distribution of sea ice thickness for input into his Antarctic 64 

mesoscale simulations.  65 
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Mesoscale simulations with the Weather Research and Forecasting Model (WRF, 66 

Skamarock et al. 2008) have generally used a simple representation for sea ice thickness and for 67 

snow depth on sea ice. For instance the Noah land surface model (LSM) for versions 3.4.1 and 68 

earlier of WRF specify a sea ice thickness of 3 m. The ice thickness is essentially part of the 69 

lower boundary condition for WRF, analogous to sea surface temperature.  Processes including 70 

snowfall and melt can modify the snow depth over sea ice. However, the snow depth will be 71 

reset to 0.05 m in the Noah scheme. Previously, these formulations were not unreasonable 72 

approximations given that model users typically did not have access to temporal and spatial ice 73 

thickness and snow depth observations required for more precise specifications. One 74 

consequence of these simple representations was that global coupled model simulations typically 75 

had more advanced sea ice treatment than WRF, enabled by the coupled models access to 76 

detailed sea ice characteristics (e.g., Tietsche et al. 2011; Vavrus et al. 2011; Holland et al. 77 

2012). With improved gridded datasets for sea ice and snow now becoming available, the WRF 78 

sea ice treatment can be improved. 79 

The next section details the numerical model. Section 3 describes the western Arctic 80 

domain, sea ice conditions during January 1998 and observations used for comparison with 81 

model results. Results of the January 1998 simulations are shown in Section 4. The winter 2012 82 

simulations are described in in Section 5 and the results are shown in Section 6. Finally, 83 

conclusions are stated in Section 7. 84 

 85 

2.  Polar WRF 86 

 87 

Simulations are conducted with a polar-optimized version of WRF known as Polar WRF 88 

(http://polarmet.mps.ohio-state.edu/PolarMet/pwrf.html). Polar WRF has been tested over 89 
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permanent ice (Hines and Bromwich 2008; Bromwich et al. 2013), Arctic pack ice (Bromwich et 90 

al. 2009), and Arctic land (Hines et al. 2011; Wilson et al. 2011, 2012). The model has been 91 

applied to various polar applications including Antarctic real time weather forecasts (e.g., 92 

Powers et al. 2012).  The polar optimizations are primarily within the Noah LSM. These improve 93 

the representation of heat transfer through snow and ice. The Noah LSM was modularized 94 

starting with the standard release of WRF 3.4 through the creation of separate modules for land, 95 

land ice (e.g., glacier), and sea ice landuse grid points. Key components for Polar WRF include 96 

allowing the specification of spatially-varying sea ice thickness and snow depth on sea ice. See 97 

the Appendix for more details on the sea ice modifications. Starting with version 3.4.1, Polar 98 

WRF’s thermal conductivity for snow over sea ice is set at 0.3 W m
-1

 K
-1

 (Sturm et al. 2002; 99 

Persson 2012). Options also allow for an alternate calculation of surface temperature over snow 100 

surfaces or setting the thermal diffusivity of the top 0.1 m deep tundra soil to 0.25 W m
-1

 K
-1

, 101 

representative of highly organic soil. Alternative specifications of sea ice albedo are additional 102 

options (e.g., Bromwich et al. 2009; Wilson et al. 2011). The latest standard release of WRF 103 

(currently Version 3.5 [V3.5]) now includes the options of specified variable sea ice thickness 104 

and specified variable snow depth over sea ice. 105 

Simulations are conducted with Polar WRF V3.5 that has polar optimizations not 106 

included in the standard WRF V3.5 release. The choice of physical parameterizations is based 107 

upon the previous history of Polar WRF usage (e.g., Bromwich et al. 2009; Hines et al. 2011; 108 

Wilson et al. 2011, 2012; Steinhoff et al. 2013). The Grell-Freitas scheme (Grell and Freitas 109 

2013) is used for cumulus parameterization, and the two-moment Morrison scheme (Morrison et 110 

al. 2005) is applied for cloud microphysics. For the atmospheric boundary layer and the 111 

corresponding atmospheric surface layer we use the Mellor–Yamada–Nakanishi–Niino (MYNN; 112 
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Nakanishi and Niino 2006) level-2.5 scheme. We use the climate model-ready version of the 113 

Rapid Radiative Transfer Model known as RRTMG (Clough et al. 2005) for longwave and 114 

shortwave radiation, as recent testing indicates improved radiative fields. The 4-layer Noah 115 

scheme (Chen and Dudhia 2001) is used for the land surface model, with the adjusted thermal 116 

conductivity for snow over sea ice discussed previously. The thermal conductivity of snow over 117 

land is not modified. Fractional sea ice is included in all the simulations, with concentrations 118 

taken from the 25-km resolution bootstrap algorithm for Nimbus-7 SMMR and DMSP SSM/I-119 

SSMIS observations (Comiso 2000). 120 

Inclusions for the Polar WRF simulations are specifying the sea ice albedo, thickness of 121 

sea ice, and snow depth on sea ice. These updates were developed by the Polar Meteorology 122 

Group (PMG) at Ohio State University’s Byrd Polar Research Center for the ASR starting with 123 

Polar WRF version 3.1.1. With the help of the Mesoscale and Microscale Meteorology Division 124 

at the National Center for Atmospheric Research (NCAR) that partners with Ohio State 125 

University on the ASR and Antarctic Mesoscale Prediction System (AMPS, Powers et al. 2012) 126 

efforts, the variable thickness and variable snow depth over sea ice have been made options in 127 

WRF beginning with V3.5.  128 

In our simulations sea ice albedo is specified at 0.82, representative of conditions prior to 129 

the onset of spring melting of the snow cover. Sea ice thickness and snow depth are specified for 130 

the simulations based upon daily PIOMAS estimates at approximately 25 km horizontal 131 

resolution, unless the values are otherwise prescribed. The University of Washington provides 132 

the PIOMAS distributions of thickness and snow depth for sea ice, which are ingested into WRF 133 

through the WRF Preprocessing System (WPS). Minimum (maximum) specifications are set at 134 

0.1 m (10 m) for sea ice thickness and 0.001 m (1 m) for snow depth.  135 
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Other specifications include 39 terrain-following ƞ-levels in the vertical dimension, 136 

reaching from the earth’s surface to 10 hPa, with the half-level layer centered at 11 m AGL. The 137 

model is run in forecast mode with 48 h simulations initialized daily at 0000 UTC. This method 138 

allows model spin-up of the hydrologic cycle and the boundary layer (e.g., Wilson et al. 2011, 139 

2012). Output beginning at hour 24 of the most recent run is spliced into the output record over 140 

the simulation time. Furthermore, specified initial and boundary conditions for the atmospheric 141 

fields are taken from the ERA-Interim reanalysis (Dee et al. 2011) fields available every 6 h on 142 

32 pressure levels and the surface at T255 resolution. Spectral nudging with truncation at 143 

wavenumber six is applied in the upper atmosphere above model level 10 to limit biases from 144 

developing in the large-scale pressure and wind fields. The nudging is directed toward 6 hourly 145 

ERA-Interim fields. Berg et al. (2013) find that spectral nudging had minimal direct impact on 146 

the surface energy balance. Cassano et al. (2011) and Glisan (2013) show that inclusion of 147 

spectral nudging is effective at reducing the gradual drift towards unrealistic seasonal flow 148 

patterns over the Arctic. 149 

   150 

3.  Case study 1. Arctic domains and sea ice conditions 151 

 152 

The first set of WRF simulations presented here are on a 250×250 polar stereographic 153 

grid centered at the North Pole and extending to 59N at the corners (Fig. 1). The horizontal grid 154 

spacing is 20 km. The grid includes the entire Arctic Ocean and a large majority of the Northern 155 

Hemisphere sea ice domain. The January location of the ice station for the Surface Heat Budget 156 

of the Arctic Ocean (SHEBA, Uttal et al. 2002) is marked in Fig.1. WRF results are bilinearly 157 
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interpolated to concurrent locations of the drifting ice station for comparison to the SHEBA 158 

observed surface data, analogous to the procedure in Bromwich et al. (2009).  159 

We select January 1998 as a period of study, as mid-winter is a time of maximum 160 

contrast between liquid ocean temperature (approximately -1.8C adjacent to sea ice) and near 161 

surface atmospheric temperature over the Arctic Ocean. Very little sunlight falls on the Arctic 162 

Ocean during January, so the radiative balance in the heart of the domain is essentially due to 163 

longwave radiative processes. Furthermore, Ice Station SHEBA observations are used for 164 

comparison due to unprecedented quantity and quality of data provided by 13-month long (1997-165 

1998) field campaign (Perovich et al. 1999; Persson et al. 2002). The SHEBA observations 166 

include latitude, longitude, surface pressure, temperature, velocity, humidity, precipitation, 167 

turbulent fluxes, and radiative fluxes (Persson et al. 2002). Quality-controlled values can found 168 

at ftp://ftp.etl.noaa.gov/user/opersson/sheba/. Manual observations of snow depth and albedo 169 

were made near solar noon at least weekly from April 1998 onward and every other day from 170 

June to August every 2.5 m along a 200-m transect over different surface conditions (Perovich et 171 

al. 2002; Persson et al. 2002). Aerial photography was also employed to study the surface 172 

conditions influencing the radiative balance (Perovich et al. 2002) 173 

Average January 1998 sea ice features are displayed in Fig. 1. A series of 32 48-hr 174 

segments were simulated first with unmodified WRF specified with (1) variable specified sea ice 175 

fraction, (2) 3 m thick sea ice, and (3) 0.05 m snow depth on sea ice. Variable specified sea ice 176 

fraction is a standard option developed by PMG and described in Bromwich et al. (2009).  The 177 

ice thickness and snow depth on sea ice are the previous default Noah settings in WRF. This first 178 

simulation listed in Table 1 is referred to as Standard WRF 3.5. January 1998 is then simulated 179 

with Polar WRF using prescribed, spatially-varying conditions for concentration, thickness and 180 
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snow depth for the sea ice. The “Polar WRF 3.5” simulation is the second simulation listed in 181 

Table 1. The 48-hr segments first begin on 0000 UTC 31 December 1997, with the last one 182 

ending at 0000 UTC 2 February 1998. Only output values during January are included in 183 

calculated statistics. During January an average of 27,677 ocean points of the grid used at any 184 

given time have sea ice concentration greater than 0.5.  Averages are calculated for sea ice grid 185 

points over the Arctic as a whole, and for specific latitude ranges to verify if the results at 186 

SHEBA are representative of Arctic. Figure 1a shows that January sea ice concentration is 187 

greater than 95% at nearly all sea ice points, except for those grid points in the marginal ice zone. 188 

North of 80N, more than 98% of the Arctic Ocean is covered by sea ice for most of January 189 

(Fig. 2a). There is a substantial amount of open water in the North Atlantic south of 75N, with a 190 

tongue of open water extending west of Svalbard to 80N. 191 

Figure 1b shows the average sea ice thickness for January 1998 as obtained from the 192 

PIOMAS analysis. Average thickness varies from less than 0.4 m in the Bering Sea and locations 193 

in the North Atlantic to greater than 3.5 m north of Greenland and eastern Canada. Arctic 194 

average thickness is about 1.91 m during January 1998 (Table 2). Over the course of January, the 195 

thickness of sea ice increases both at SHEBA and over the Arctic domain as a whole, with the 196 

thickness typically 0.25 m larger at SHEBA than the Arctic average (Fig. 2b). Given this slight 197 

difference, we take the thickness at SHEBA to be a representative value for the Arctic. 198 

Snow depth over sea ice generally increases with increasing latitude, with some locations 199 

on the edge of the sea ice domain having less than 0.04 m, and about 0.1 m near the North Pole 200 

(Fig. 1c). Isolated pockets adjacent to land have up to 0.2 m snow depth. Table 2 provides 201 

statistics for the snow depth. In contrast, climatological estimates of snow depth compiled by 202 

Warren et al. (1999) based upon 1954-1991 Soviet drifting station observations on Arctic multi-203 
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year ice would suggest January snow depths greater than 0.2 m are widespread for the Arctic 204 

Ocean. The sea ice thickness in the Arctic Ocean increases northward towards the North Pole 205 

with the average being 2.88 m north of 85N (Table 2). Average snow depth also tends to 206 

increase toward the North Pole. Thus it is 0.087 m deep north of 80N, yet 0.066 m deep over the 207 

Arctic sea ice as a whole. The average for SHEBA, 0.055 m, is slightly less than the monthly 208 

average for all Arctic sea ice (Fig. 2b). This value from the PIOMAS analysis is not in good 209 

agreement with the in-situ snow observations at SHEBA that show typical depth slightly more 210 

than 0.2 m during January. Nevertheless, given that the differences from the Arctic means are 211 

small at SHEBA, with slightly more insulation due to somewhat thicker ice and slightly less 212 

insulation due to slightly smaller snow depth, the heat transfer through snow and ice there should 213 

be reasonably representative of the Arctic Ocean, based upon PIOMAS values during January 214 

1998.  Furthermore, the standard WRF Noah setting of 0.05 m snow depth may be reasonable for 215 

January 1998. The standard ice thickness setting of 3 m, however, is somewhat too large in 216 

comparison to the January 1998 PIOMAS analysis. 217 

 218 

4.  Results of case study 1 219 

 220 

Figure 3 shows time series of basic meteorological fields for SHEBA observations and 221 

the standard and Polar WRF simulations. Results at SHEBA are basically consistent with the 222 

earlier Bromwich et al. (2009) study that ran Polar WRF 2.2 with a Western Arctic domain. 223 

Table 3 shows selected simulation performance statistics for temperature, surface pressure, 224 

humidity, wind speed, and surface fluxes.  Performance is quite good with correlations of 0.79 or 225 

better for all fields shown except the surface turbulent flux fields. Performance of the standard 226 



11 

 

WRF 3.5 and Polar WRF 3.5 are very similar, with the latter having lower root mean square 227 

errors for all fields except for 10 m wind speed and the surface turbulent fluxes.  228 

The surface pressure time series (Fig. 3a) shows that the Standard WRF 3.5 and Polar 229 

WRF 3.5 simulations capture most of the synoptic pressure change during January.  Cloudy 230 

events with increased longwave radiation, however, tend to be undersimulated in both standard 231 

and Polar WRF (Fig. 3f). These warm events are not properly represented in the temperature 232 

time series (Fig. 3c,d) and contribute to the overall cold bias. Bromwich et al. (2009) found 233 

similar errors in simulating the warm events on 3-5 and 10-11 January. Cold events when the 234 

incident longwave radiation is reduced are better simulated. During the first half of the cold 235 

event from 13 January to 25 January, the Standard WRF 3.5 simulated temperature is closer to 236 

the observed field. During the latter part, the Polar WRF 3.5 simulation is closer to the 237 

observations. The Standard WRF run is slightly colder than the Polar WRF run. Differences are 238 

largest during cold events. Standard WRF 3.5 has an overall bias of -2.0 (-2.5) C for the skin (2 239 

m) temperature, while Polar WRF 3.5 has a bias of -0.8 (-1.2) C. The slight positive bias to the 240 

wind speed (Fig. 3b) probably contributes to the excess magnitude of the (downward directed) 241 

sensible heat flux during the colder part of the month (Fig. 3g). This is most apparent when the 242 

simulated wind speed is larger than that observed near 17 January. Another contribution may 243 

come from the difficulty models have in simulating the very stable boundary layer when the 244 

represented turbulent heat flux is often larger than observed heat flux estimates. The cold bias at 245 

the surface cannot be explained by the excess heat flux from the atmosphere to the surface, 246 

instead the cold bias is probably due to the negative bias in incident longwave radiation ,which 247 

has magnitudes of 15.7 and 14.4 W m
-2

 for Standard WRF 3.5 and Polar WRF 3.5, respectively 248 

(Fig. 3f, Table 3). Again, this error primarily occurs during cloudy synoptic events. Nevertheless, 249 
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WRF tends to simulate the surface fields near SHEBA well for most of the month of January. 250 

Polar WRF appears to be a slight improvement (Table 3). We will explore features that impact 251 

the surface energy balance below. 252 

Figure 3 and Table 3 inspire us to test the contributions of sea ice thickness and snow 253 

depth on sea ice to the surface fields. Accordingly, seven sensitivity simulations are now 254 

performed with either specified constant sea ice thickness or snow depth (Table 1). The test 255 

period simulations are 48-hr segments, as before, beginning 0000 UTC 15 January and 256 

continuing until 0000 UTC 27 January. The first 24 hours of the segments are used for spin-up, 257 

so analysis begins at 0000 UTC 16 January. The test period includes an extended cold, relatively 258 

cloud free event at SHEBA. It also includes a change to cloudy conditions that begins by 25 259 

January, so we can contrast how settings of ice thickness and snow depth impact different 260 

radiative conditions.  New simulations to test the impact of ice thickness use the same snow 261 

depth as the Polar WRF 3.5 simulation. These new simulations have settings of either 3-, 2-, or 262 

1-m thick sea ice (see Table 1). Furthermore, four new simulations test the impact of snow depth 263 

on sea ice. The Snow depth for these sensitivity simulations is specified at either 0.02, 0.05, 0.10, 264 

or 0.25 m (Table 1). Snow depth in the 0.05 m case is similar to that in the standard WRF 3.5 265 

simulation. The 0.25 m case is within the range of realistic values for the winter Arctic Ocean 266 

and only slightly larger than in-situ observations at SHEBA. 267 

Table 4 shows that results at SHEBA are sensitive to sea ice thickness and snow cover.  268 

The average skin (2 m) temperature in the Polar WRF 3.5 simulation at SHEBA is -34.8 (-33.9) 269 

C for the period from 0000 UTC 16 January to 0000 UTC 27 January. Those temperatures, 270 

however, are -32.8 (-32.3) C in the 1-m sea ice and -36.1 (-35.3) C in the 3-m sea ice 271 

experiments. For the average of all Arctic sea ice grid points, the temperature is somewhat 272 
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warmer than at SHEBA, yet the difference in results between sea ice thickness experiments is 273 

similar. In the snow depth experiments, the SHEBA temperature varies between -34.2 (-33.4) C 274 

in the 0.02 m snow experiment and -38.4 (-37.4) C in the 25 cm snow case. Thus, the case-to-275 

case temperature differences between sensitivity experiments can be as large as 4 C, which is 276 

larger than the near-surface temperature biases and similar in magnitude to the root mean square 277 

errors for Standard WRF 3.5 and Polar WRF 3.5. These sensitivities encourage us to represent 278 

ice thickness and snow depth as accurately as possible. The near-surface temperature sensitivity 279 

displayed in Fig. 4 demonstrates that changing the snow depth and ice thickness specifications 280 

can change the sign of the temperature bias. The 1-m sea ice experiment is the warmest 281 

simulation, while the 0.25 m snow experiment is the coldest. Differences are larger during the 282 

colder extent of the test period and reduced during the warmer cloudy period starting near 25 283 

January. 284 

The temperature difference between sensitivity simulations is concentrated in the lowest 285 

levels of the model atmosphere (Fig. 5). Above the boundary layer, the spectral nudging works to 286 

dampen out differences between simulations. The steepest part of the temperature inversion is 287 

not next to the surface. Rather, the inversion is strongest between model level 2 (near 37 m 288 

above the surface) and model level 3 (near 70 m above the surface). Temperature differences 289 

between simulations are very small above level 3. The temperature profile is nearly isothermal 290 

below level 2 in 1 m Seaice. Simulations 3 m Seaice and 10 cm Snow have very similar profiles, 291 

as do 2 m Seaice and 5 cm Snow. 292 

If we consider the terms of the surface energy balance, the term most obviously impacted 293 

by the simulation specifications is the ground heat flux (defined positive for heat flow directed 294 
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upward, that is in the direction from the ocean towards the interface with the atmosphere).  295 

Equation (1) displays the surface energy balance terms for sea ice grid points, 296 

  
   

  
 = ɛ [L(↓) – σ Ts

4
] + (1 – α) S (↓) –Tr – Hs - Ls + G + Q ,  (1) 297 

where H is the heat capacity of the skin temperature, Ts is surface temperature, t is time, ɛ is 298 

surface emissivity, L(↓) is downward longwave radiation, σ is the Stefan–Boltzmann constant, α 299 

is surface albedo, S(↓) is downward shortwave radiation, Tr is the shortwave radiation 300 

transmitted beyond the surface layer (Persson 2012), Hs is the sensible heat flux, Ls is the latent 301 

heat flux, G is the ground heat flux, and Q represents other diabatic processes including phase 302 

change and heat flux by precipitation. Sensible heat flux is frequently negative during winter as 303 

turbulence typically carries heat from the atmosphere to the earth’s surface, where cooling is 304 

driven by upward longwave radiative flux. The ground heat flux term depends on the depth of 305 

snow and ice through which heat flows. In the Noah LSM this term is inversely proportional to 306 

the sum of half the thickness of upper ice layer (0.75 m thick in the Standard WRF 3.5 307 

simulation) and the depth of the overlying snow. Thinner sea ice and reduced snow depth should 308 

increase the ground heat flux for a fixed ocean-atmosphere temperature difference. 309 

Table 4 and Fig. 6 demonstrate this relationship for the sensitivity tests. The greatest 310 

sensitivity occurs during cold, relatively cloud-free periods when the instantaneous ground heat 311 

flux can exceed 50 W m
-2

 in 1 m Seaice, as the thin ice allows faster heat transfer. All curves 312 

approach 0, however, by 26 January when the normal upward heat flow is disrupted by a 313 

relatively warm synoptic event. The sensitivity of ground heat flux within our prescribed 314 

experiments is obvious from the time series. The flux varies at SHEBA by more than 12 W m
-2

 315 

in the sea ice thickness experiments and more than 11 W m
-2

 in the snow depth experiments. The 316 

flux is 35% larger (4.4% smaller) in 1 m Seaice (3 m Seaice) than in Polar WRF 3.5. Therefore, 317 
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there is greater sensitivity to decreased sea ice thickness than to increased thickness. In contrast, 318 

the largest relative change of heat flux due to snow depth occurs for 25 cm Snow when the flux 319 

magnitude is reduced by 27% compared to Polar WRF 3.5. The insulation of sea ice by snow 320 

cover is readily apparent in 25 cm Snow which has a smaller ground heat flux by 5-15 W m
-2

 321 

than the other snow depth experiments until 24 January. Table 4 demonstrates the 322 

representativeness of these model results at SHEBA as values are also shown for the Arctic sea 323 

ice average. The differences between ice thickness experiments are almost as large for the sea ice 324 

average as those at SHEBA. Moreover, the ground heat fluxes differences between snow depth 325 

experiments can be nearly 20 W m
-2

 for the sea ice average. Therefore, while the sensitivity 326 

amplitudes at SHEBA and the Arctic sea ice average vary somewhat, Table 4 indicates that 327 

results at SHEBA are qualitatively representative of the sensitivity to snow and ice specifications 328 

over Arctic sea ice.  329 

As changing the ice thickness and snow depth change the surface energy balance, other 330 

terms in the balance can be indirectly impacted as Table 4 and Fig. 7 show. The sensible heat 331 

flux adjusts with other terms in Eq. (1) to form the surface energy balance. For 16-25 January, 332 

the sensible heat flux is typically negative (downward), and its largest magnitude is in the colder 333 

experiments, compensating for reduced surface warming by the ground heat flux (Fig. 6). The 334 

percentage change in incident longwave radiation, however, is very small between experiments 335 

(Table 4). This suggests that cloud cover has a weak response to changes in sea ice thickness and 336 

snow depth. Table 4 also indicates that surface energy balance terms at SHEBA respond similar 337 

to the general sensitivity to snow and ice specifications over Arctic sea ice. 338 

 339 

 340 
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5.  Case study 2. Arctic, North Atlantic and European Grid 341 

 342 

The previous section shows local impacts on the earth’s surface and in the lower 343 

atmosphere to Arctic sea ice conditions. To demonstrate non-local impacts we introduce a new 344 

20 km grid (Fig. 8) that includes Europe, much of the North Atlantic and the Arctic Ocean, and 345 

portions of Asia and North America. Most of the sea ice in this domain is north of 80°N (Fig 8b). 346 

The selection of this grid is linked to recent interest in how Arctic sea ice loss impacts the 347 

climate in mid-latitudes (e.g, Francis and Vavrus 2012; Screen and Simmonds 2013). Negative 348 

Arctic sea ice anomalies have been linked by modeling studies to locally reduced sea level 349 

pressure and the negative phase of the North Atlantic Oscillation (e.g., Seierstad and Bader 2009; 350 

Tang et al. 2013). Beyond the local response, evidence suggests that warming in the Arctic 351 

associated with sea ice changes can lead to regions of cooling in the mid-latitudes (e.g., 352 

Alexander et al. 2004; Tang et al. 2013). The earlier climate modeling work by Royer et al. 353 

(1990) found that removal of Arctic sea ice, while leading to pronounced local warming, also 354 

results in some cooling in mid-latitudes. In particular, they found surface temperature cooling of 355 

up to 3 K over northern Eurasia. There is recent support for that pattern as Yang and Christensen 356 

(2012) find that an ensemble of 13 CMIP5 (Coupled Model Intercomparison Project Phase 5) 357 

models show that cold European Januaries are linked to warm Arctic anomalies and the negative 358 

phase of the Arctic Oscillation, that is usually in phase with the North Atlantic Oscillation.  359 

Preliminary work with the new grid showed cooling over Europe in a synoptic case study 360 

modulated by thinning Arctic sea ice. Moreover, it has been hypothesized that continued Arctic 361 

sea ice loss will lead to increased meridional flow patterns in the Northern Hemisphere (e.g., 362 

Francis and Vavrus 2012; Screen and Simmonds 2013). 363 
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We simulate 24 January to 7 February 2012, a period characterized by blocking. During 364 

this time the sea ice thickness distribution displayed in Fig. 8c includes relatively thin ice north 365 

of Russia, frequently less than 1.5 m thick. Thicker ice is present north of Canada and Greenland 366 

with local maxima in excess of 3 m. Initial and boundary conditions for the simulations of this 367 

time period are from the National Centers for Environmental Prediction’s Global Forecast 368 

System (GFS) final Operational Global Analysis (FNL). The simulations for this case study are 369 

continuous with no spectral nudging, since the goal is to show non-local impacts. Figure 9 shows 370 

selected snapshots of the observed 500 hPa fields from the GFS FNL. During late January and 371 

early February 2012, the circumpolar vortex at 500 hPa is offset from the North Pole towards 372 

northern Canada. Several highs and lows break the smooth eastward flow over Europe, resulting 373 

in strong blocking. An example is seen at 0000 UTC 1 February when a ridge is present along 374 

the Arctic Ocean coast, and there is a low to the south over eastern Europe (Fig. 9e).  375 

 376 

6.  Results of case study 2 377 

 378 

During the selected time period a strong, persistent surface high (not shown) develops 379 

over northern Eurasia and extends from Scandinavia eastward to the Siberian Arctic. The 380 

associated sea level pressure maximum exceeds 1060 hPa on 1 February.  North of the surface 381 

high, westerly winds carry relatively warm air over the Arctic Ocean. To the south, in contrast, 382 

cooling occurs over central and eastern Europe in late January, eventually reaching western 383 

Europe by 1 February. Lowest temperatures for western Europe occur near 3 February. 384 

To evaluate the impact of modified sea ice thickness in Polar WRF simulations of this 385 

blocking event, we run five different simulations with Polar WRF (Table 5). In a standard case, 386 
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the simulation termed Remote Polar includes PIOMAS values of ice thickness and snow depth 387 

over sea ice (Figs. 8c,d). The four sensitivity tests each have spatially-variable snow depths as in 388 

the standard case, but the ice thicknesses are uniform in space and time at 3 m, 1 m, 0.5 m, or 0.1 389 

m (Table 5). 390 

Figure 10 shows selected snapshots of the sea level pressure difference between the 0.1 m 391 

case (Remote 0.1 m) and the 1 m case (Remote 1 m). The different sea ice specifications directly 392 

impact the ice-covered area of the Arctic Ocean, including the region in box 1 of Fig. 8b. The sea 393 

level pressure north of Greenland quickly responds to the ice thickness forcing in the sensitivity 394 

experiments. Figures 10a and 10b demonstrate that the 48 hr and 84 hr pressure difference fields 395 

include a reduction by 1 to 2.5 hPa over the Central Arctic in the Remote 0.1 m simulation. Sea 396 

level pressure is also reduced in Remote 0.1 m in the Arctic for 80-170°W. The pressure 397 

differences between simulations are small, however, for much of the domain during the first few 398 

days of the study period (Figs. 10a,b).  399 

Figure 11a shows a time series of area-average surface temperature for box 1 in the 400 

Central Arctic, as shown in Fig. 8b. This region is directly impacted by the sea ice thickness 401 

specifications. It is apparent that setting smaller values for the sea ice thickness warms the 402 

surface temperature several degrees within a few hours. By February, the difference between the 403 

0.1 m and 3 m cases is 8-13 K. The simulations Remote 0.5 m and Remote 1 m show 404 

intermediate results and respond inversely proportional to the specified ice thickness. The 405 

Remote Polar simulation with variable ice thickness is colder than Remote 1 m, but warmer than 406 

Remote 3 m.  407 

The average sea level pressure in box 1 is displayed in Fig. 11b. The hydrostatic impact 408 

associated with the thermal forcing seen in Fig. 11a typically results in lower sea level pressures 409 
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over sea ice in the thinner sea ice experiments (Fig. 11b). The response of the sea level pressure 410 

field to the forcing is more complicated, however, than that of surface temperature. The pressure 411 

response is relatively small during January. During the first week of the test period the response 412 

is most obvious in Remote 0.1 m, the warmest experiment for the sea ice region. The pressure 413 

responses in Fig. 11b become larger beginning about Julian day 32 (February 1). After Julian day 414 

35 (February 4) the responses are more noisy and not necessarily proportional to specified ice 415 

thickness. In contrast to the sea level pressure results, Central Arctic 700 hPa heights are 416 

typically highest in Remote 0.1 m and lowest in Remote 3 m (Fig. 11c). Furthermore, there is a 417 

slight weakening in the circumpolar vortex in the troposphere in the experiments with thinner sea 418 

ice settings. Accordingly, average wind speed (not shown) in the middle troposphere is slightly 419 

reduced north of 60°N in these cases. This modulation of the circumpolar vortex in our 420 

experiments is consistent with Francis and Vavrus’s (2012) discussion on the impacts of the 421 

Arctic’s declining sea ice. That is, a weakening of the elevated westerly circulation in high 422 

latitudes is a possible response to less Arctic sea ice.   423 

Figures 11b and 11c suggest that after the simulations begin there is a delay of about 1 424 

week prior to development of robust responses in the free atmosphere above the sea ice surface. 425 

We will discuss the mid-latitude response later in this section. Now we consider how the impact 426 

of sea ice modulation is transmitted vertically. Figure 12 shows ground heat flux and sensible 427 

heat flux for box 1. As was seen in Section 4, thinner sea ice allows larger heat flux through ice 428 

from the ocean to the interface with the atmosphere (Fig. 6). Accordingly, the average ground 429 

heat flux for 0000 UTC 24 January to 0000 UTC 7 February is 55.3 W m
-2

 for Remote 0.1 m, but 430 

only 18.3 W m
-2

 for Remote 3 m. Heat is then transferred from the earth’s surface into the 431 

atmosphere through the sensible heat flux. Average sensible heat flux for Remote 3 m during this 432 
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time is -1.6 W m
-2

. Therefore, the turbulent flux is actually cooling the atmosphere in that thick 433 

sea ice case. The average is positive, however, and warming the atmosphere in the other 434 

experiments, with the largest average value, 8.9 W m
-2

, in Remote 0.1 m. Latent heat flux (not 435 

shown) is also warming the atmosphere, but it’s magnitude is about half that of the sensible heat 436 

flux. In summary, heat is transferred by conduction within the sea ice up from the ocean to the 437 

interface with the atmosphere, and this is enhanced in cases with thinner sea ice. From the 438 

interface, heat is primarily transferred upward into the atmosphere by sensible heat flux. At least 439 

a week is required, however, before robust impacts are seen in the sea level pressure and 700 hPa 440 

height for box 1 in the Arctic sea ice region (Figs. 11b,c). 441 

To demonstrate non-local impacts, Fig. 13 shows time series of the 850 hPa temperature 442 

for the four boxes shown in Fig. 8. Over the sea ice, the temperature differences between 443 

experiments are very small at 850 hPa during January (Fig. 13a). Evidently, a spin-up of at least 444 

a week is required for the surface forcing to surpass a threshold in the free atmosphere. A small 445 

but noticeable impact on 850 hPa temperature is seen a litter earlier for Remote 0.1 m compared 446 

to the other experiments. Since that is locally the warmest case, the associated weaker static 447 

stability in the boundary layer may allow a somewhat faster response into the free atmosphere. It 448 

is interesting that the timing of the 850 hPa temperature divergence between experiments is 449 

surprisingly similar for all four boxes. 450 

Returning to Fig. 10 to explore the timing of anomaly growth, it shows that much of the 451 

early impact on sea level pressure is in the Arctic basin. A negative pressure anomaly in Remote 452 

0.1 gradually develops over Canada during late January (Figs. 10a,b,c). Eventually, anomalous 453 

pressure extends eastward across the Atlantic Ocean towards Europe (Figs. 10d,e,f). By 0000 454 

UTC 31 January sea level pressure anomalies are present in much of the domain (Fig. 10e) and 455 
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continue growing into February (Fig. 10f). The growth of pressure anomalies near Europe 456 

approximately corresponds in time to the divergence of the simulated 850 hPa temperature in 457 

Fig. 13.  458 

  Boxes 2, 3, and 4 in Fig. 8a are used to detail responses to ice thickness specification in 459 

locations outside the Arctic sea ice region. Box 2 over Russia shows little difference in 850 hPa 460 

temperature between simulations until 1 February (Julian day 32), then much larger differences 461 

starting 3 February (Fig. 13b). Interestingly, the response is opposite in Fig. 13b to that in Fig. 462 

13a in that thicker Arctic sea ice tends to produce warmer temperature in box 2. Simulation 463 

Remote 1 m is an outlier, however, and is colder than the other simulations. 464 

Box 3 including the North Sea and adjacent land areas also displays a temperature trend 465 

opposite that of box 1 (Fig. 13c). After 1 February, Remote 0.1 m is the coldest simulation and 466 

Remote 3 m is one of the warmest simulations during February. Remote 0.5 m is an outlier, 467 

however, and shows the warmest temperature during 3-5 February. 468 

Box 4, on the other hand, shows an 850 hPa temperature sensitivity similar to that of Box 469 

1, with the warmest temperature for 30 January to 4 February (Julian day 35) in the thinnest sea 470 

ice case (Remote 0.1 m, Fig. 13d). The trend appears to reverse after 5 February, however, and 471 

Remote 3 m becomes the warmest simulation for box 4. There is also some evidence for trend 472 

reversals at similar times in Figs. 13b and 13c. Thus, the 850 hPa temperature time series show 473 

evidence for a complicated response at sub-Arctic and mid-latitude locations to changes in the 474 

Arctic sea ice thickness. On synoptic time scales, a thinning of Arctic sea ice, while locally 475 

inducing a warming response in the high Arctic, can induce cooling responses at some mid-476 

latitude locations. The results presented here show a non-local response time of about 1 week. 477 
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Much longer simulations beyond the scope of this paper are required to evaluate the 478 

climatological response pattern in mid-latitudes.   479 

 480 

7.  Summary and Conclusions 481 

 482 

Polar WRF simulations show local and non-local impacts from the specification of sea 483 

ice thickness and snow depth over sea ice. Polar WRF, a polar-optimized code supplement to the 484 

standard WRF configuration, is available to the scientific community for Arctic and Antarctic 485 

applications. Versions of Polar WRF up to 3.4 include changes to the sea ice treatment used with 486 

the Noah land surface model that allow users to specify sea ice thickness rather than using a 487 

default thickness of 3 m, and specify snow depth on sea ice rather than using the default value of 488 

0.05 m.  Specified variable sea ice thickness and snow cover over sea ice are now options in the 489 

standard WRF release starting with WRF V3.5. Previously, it was difficult to obtain gridded, 490 

time and space-varying analyzed values of ice thickness and snow cover over sea ice. 491 

Fortunately, new Arctic datasets for these fields have become available recently. Furthermore, 492 

some observational guidance on sea ice thickness and snow depth also exists for the Southern 493 

Hemisphere (e.g., Steinhoff et al. 2013). Consequently, we test the impact of specified sea ice 494 

thickness and snow cover over sea ice with Arctic Polar WRF 3.5 simulations. 495 

For the local response in the lower troposphere we select the very well observed 496 

1997/1998 SHEBA case as a test period. In particular January 1998 is chosen as the target, a 497 

period when air-sea temperature difference is large. The Arctic grid has 20 km grid spacing and 498 

39 vertical levels. A control simulation with the default Noah settings (i.e., 3 m sea ice thickness 499 

and 0.05 m snow depth on sea ice) in WRF is compared with a Polar WRF simulation with 500 
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specified variable sea ice thickness and snow depth over sea ice taken from the recent satellite-501 

based PIOMAS analysis. Polar WRF using analyzed ice thickness and snow depth fields 502 

simulates near-surface atmospheric quantities slightly better than standard WRF for January 503 

1998. Additionally, several sensitivity tests evaluate the different specified sea ice thickness and 504 

snow depth. Both ice thickness and snow depth have a noticeable impact on simulated near-505 

surface temperature, primarily by impacting the heat transfer through snow and ice. Differences 506 

between sensitivity tests are up to 4°C, which is larger than the temperature bias in the Standard 507 

WRF 3.5 and Polar WRF 3.5 simulations, and similar in magnitude to the root mean square 508 

errors of the forecasts. Therefore, it is important to obtain good representations of the ice 509 

thickness and snow depth in our polar simulations. Compared to the average of all Arctic sea ice 510 

grid points, Ice Station SHEBA is several degrees colder. The sensitivity to sea ice thickness and 511 

snow cover at SHEBA, however, appears to be qualitatively similar to the average for Arctic sea 512 

ice. Thus, SHEBA appears to be a realistic testbed for the sensitivity simulations. 513 

Non-local impacts of specified sea ice thickness and snow cover are examined with a 514 

synoptic case study. The 24 January – 7 February, 2012 blocking event is simulated with a 515 

different 20 km grid, but retaining 39 vertical levels. The grid includes Europe and parts of the 516 

North Atlantic and Arctic Oceans. It is found that thinner sea ice reduces the Central Arctic sea 517 

level pressure and increases the mid-tropospheric geopotential heights during the winter case 518 

study period. It takes approximately one week for the noticeable impacts to be seen in mid-519 

latitudes. It is found, however, that the remote responses to the changed representations of sea ice 520 

thickness and snow depth over sea ice are variable and complex. As the test period here has been 521 

limited to two weeks, future work is required to determine how the far-field responses may 522 

evolve over longer periods of simulation. 523 
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 531 

APPENDIX 532 

Implementation of Variable Sea Ice Thickness and Snow Depth in WRF Noah LSM 533 

 534 

To add sea ice thickness and snow depth on sea ice into the Noah LSM used with Polar 535 

WRF, variables “SITHIK” and “SNOWSI” are added to the WRF registry of variables. The 536 

addition allows these fields to be input through the standard initialization method using the WRF 537 

preprocessing system (Wang et al. 2013). For version 3.5 “ICEDEPTH” should be used in place 538 

of “SITHIK.” The sea ice physics for WRF Noah was placed outside the main land treatment 539 

module starting with version 3.4. The basic treatment of sea ice grid points for ice thickness and 540 

snow depth, however, remains similar. Thickness is restricted within 0.1 – 10 m, while snow 541 

depth is restricted within 0.001 – 1 m. Previously, thickness was set at 3 m, while snow depth 542 

was initialized at 0.05 m.  543 

The Noah LSM uses four subsurface layers. For standard soil, layer depth varies from 0.1 544 

m for the top layer to 1 m for the bottom layer. Over sea ice, however, all for layers are set with 545 

identical thickness, 546 
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                         ,      (A1) 547 

where ZSOIL is the thickness of each layer, and NSOIL  is the number of layers. For snow depth 548 

on sea ice, the snow height,      , is simply set as SNOWSI. In WRF Noah, the distance 549 

between the mid-point of the upper subsurface layer and the top of the snow layer (when snow is 550 

present) is used to calculate the ground heat flux, 551 

                (        )     (                   ) ,  (A2) 552 

where        is the ground heat flux,     is the thermal conductivity,    and    are the 553 

surface and top subsurface layer temperatures, respectively, and        is the thickness of the 554 

top subsurface layer. Clearly, a deeper snow layer will reduce the ground flux.  555 
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Figure Captions 712 

 713 

Figure 1.  Map of  Arctic domain showing average January 1998 values of (a) sea ice 714 

concentration (fraction), (b) sea ice thickness (m), (c) snow depth on sea ice (m), and (d) 715 

topography (m). The location of Ice Station SHEBA is marked by the thick black curve. 716 

Figure 2.  Time series of (a) sea ice concentration (fraction), (b) sea ice thickness (m) and snow 717 

depth on sea ice (m) for January 1998 for Ice Station SHEBA (red lines) and all Arctic sea 718 

ice grid points (black lines).  The blue and purple lines in (a) represent area north of 80N 719 

and 85N, respectively. The right scale in (b) is snow depth (m). 720 

Figure 3.  Time series for January 1998 showing Ice Station SHEBA values of (a) surface 721 

pressure (hPa), (b) 10 m wind speed (m s
-1

), (c) skin temperature (C), (d) 2.5 m (observed) 722 

and 2 m (simulated) temperature (C), (e) specific humidity (g kg
-1

), (f) incident longwave 723 

radiation (W m
-2

), (g) sensible heat flux (W m
-2

), and (h) latent heat flux (W m
-2

). 724 

Figure 4.  Time series for 16-26 January 1998 showing Ice Station SHEBA values of 2.5 m 725 

(observed) and 2 m (simulated) temperature (C).  The observations are shown by the dark 726 

solid line. Sea ice thickness sensitivity experiments are shown by the dashed color lines, and 727 

snow depth sensitivity experiments are shown by the solid color lines. 728 

Figure 5.  Vertical profiles for 16-26 January 1998 showing Ice Station SHEBA values for 729 

temperature (C). 730 

Figure 6.  Time series for 16-26 January 1998 showing Ice Station SHEBA values for ground 731 

heat flux (W m
-2

). Sea ice thickness sensitivity experiments are shown by the dashed color 732 

lines, and snow depth sensitivity experiments are shown by the solid color lines.   733 

Figure 7.  Time series for 16-26 January 1998 showing Ice Station SHEBA values for sensible 734 

heat flux (W m
-2

). Sea ice thickness sensitivity experiments are shown by the dashed color 735 
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lines, and snow depth sensitivity experiments are shown by the solid color lines. 736 

Figure 8. Map of  domain showing 0000 UTC 24 January 2012 values of  (a) topography (m), 737 

(b) sea ice concentration (fraction), (c) sea ice thickness (m), and (d) snow depth on sea ice 738 

(m). The numbered boxes are for time series. 739 

Figure 9. Geopotential height (geopotential meters, gpm) at 500 hPa from NCEP GFS FNL for 740 

(a) 0000 UTC 24 January, (b) 0000 UTC 26 January, (c) 0000 UTC 28 January, (d) 0000 741 

UTC 30 January, (e) 0000 UTC 01 February, and (f) 0000 UTC 03 February, 2012. Contour 742 

interval is 50 gpm. 743 

Figure 10.  Mean sea level pressure difference (hPa) between the Remote 0.1 m and Remote 1 m 744 

simulations for (a) 0000 UTC 26 January (hour 48), (b) 1200 UTC 27 January (hour 84), (c) 745 

0000 UTC 29 January (hour 120), (d) 1200 UTC 29 January (hour 132), (e) 0000 UTC 31 746 

January (hour 168), and (f) 0000 UTC 01 February, 2012 (hour 192). Contour interval is 0.5 747 

hPa. 748 

Figure 11.  Time series for the Arctic box 1 in Fig. 8b showing area average (a) surface 749 

temperature (K), mean sea level pressure (hPa), and 700 hPa height (gpm) for the 24 January 750 

– 07 February 2012 Polar WRF simulations. 751 

Figure 12.  Time series for the Arctic box 1 in Fig. 8b showing area average (a) ground heat flux 752 

W m
-2

), and (b) sensible heat flux (W m
-2

) for the 24 January – 07 February 2012 Polar WRF 753 

simulations. 754 

Figure 13.  Time series for the boxes 2, 3, and 4 in Fig. 8a showing area average 850 hPa 755 

temperature for (a) box 1, (b) box 2, (c) box 3, and (d) box 4 for the 24 January – 07 756 

February 2012 Polar WRF simulations.  757 



Table 1.   Numerical Simulations with WRF 3.5 for January 1998 

Simulation Model Version Sea Ice Thickness (m) Snow Depth (m) 

Simulations for 31 December 1997 – 1 February 1998 

Standard Standard WRF 3.5 3 0.05 

Polar WRF Polar WRF 3.5 Variable Variable 

Simulations for 15 January – 26 January 1998 

1 m Seaice Polar WRF 3.5 1 Variable 

2 m Seaice Polar WRF 3.5 2 Variable 

3 m Seaice Polar WRF 3.5 3 Variable 

2 cm Snow Polar WRF 3.5 Variable 0.02 

5 cm Snow Polar WRF 3.5 Variable 0.05 

10 cm Snow Polar WRF 3.5 Variable 0.10 

25 cm Snow Polar WRF 3.5 Variable 0.25 

 

  



Table 2.   January 1998 Sea Ice Averages for ICE Station SHEBA and Grid Points with 

Sea Ice Concentration Greater than 0.5 

Location 
Sea Ice 

Concentration 

Sea Ice 

Thickness (m) 
Snow Depth (m) 

SHEBA 1.000 2.16 0.055 

Sea Ice Points in Domain 0.978 1.91 0.066 

Sea Ice Points North of 85°N 0.979 2.88 0.087 

Sea Ice Points North of 80°N 0.980 2.63 0.087 

Sea Ice Points North of 75°N 0.981 2.29 0.078 

Sea Ice Points North of 70°N 0.980 2.04 0.070 

Standard WRF Noah Settings Variable 3.00 0.05 

  

  



Table 3.   January 1998 WRF 3.5 and Polar WRF 3.5 Performance Statistics in Comparison 

to SHEBA Observations* 

Variable Correlation Bias RMSE 

Surface Pressure (hPa) 
0.98 

0.98 

0.7 

0.6 

2.5 

2.4 

Skin Temperature (°C) 
0.81 

0.83 

-2.0 

-0.8 

4.2 

3.6 

2.5/2 m Temperature (°C) 
0.85 

0.86 

-2.5 

-1.2 

4.0 

3.2 

2.5/2 m Specific Humidity (g/kg) 
0.79 

0.82 

-0.070 

-0.034 

0.129 

0.105 

10 m Wind Speed (m s
-1

) 
0.92 

0.91 

0.1 

0.3 

1.2 

1.3 

Incident Longwave (W m
-2

) 
0.81 

0.81 

-15.7 

-14.4 

26.6 

25.7 

Sensible Heat Flux (W m
-2

) 
0.33 

0.33 

-4.0 

-5.3 

10.4 

10.9 

Latent Heat Flux (W m
-2

) 
0.52 

0.48 

-0.4 

-0.6 

1.1 

1.4 

 

*Upper values are for standard WRF 3.5 and lower values are for Polar WRF 3.5. 

Observations for sensible and latent heat flux are based upon 10 m observations at SHEBA. 

Statistics based upon 2.5 m observations are similar. 



Table 4.   Averages from Sensitivity Test Results for 16-26, January 1998.* 

Simulation Sea Ice 

Thickness

(m) 

Snow 

Depth on 

Sea Ice (m) 

Skin 

Temperature 

( C ) 

2 m 

Temperature

( C ) 

Ground 

Heat Flux 

(W m
-2

) 

Sensible 

Heat Flux 

(W m
-2

) 

Incident 

Longwave 

Radiation 

(W m
-2

) 

Standard WRF 3.5 3 0.05 -36.0 

-29.6 

-35.2 

-29.2 

30.0 

26.8 

-11.0 

-3.1 

136.9 

159.1 

Polar WRF 3.5 Variable Variable -34.8 

-27.9 

-33.9 

-28.0 

31.3 

41.1 

-12.2 

4.8 

138.1 

160.5 

1 m Seaice 1 Variable -32.8 

-27.5 

-32.3 

-27.4 

42.3 

37.0 

-7.1 

0.6 

138.6 

160.4 

2 m Seaice 2 Variable -35.0 

-29.0 

-34.3 

-28.7 

33.7 

29.8 

-9.9 

-2.1 

137.5 

159.4 

3 m Seaice 3 Variable -36.1 

-29.8 

-35.3 

-29.4 

29.9 

26.3 

-10.9 

-3.2 

137.0 

159.0 

2 cm Snow Variable 0.02 -34.2 

-27.5 

-33.4 

-27.5 

34.4 

40.0 

-10.8 

2.8 

138.0 

160.5 



5 cm Snow Variable 0.05 -35.0 

-28.3 

-34.2 

-28.1 

32.8 

34.7 

-10.7 

0.2 

137.6 

159.9 

10 cm Snow Variable 0.10 -36.0 

-29.3 

-35.2 

-29.0 

29.9 

29.3 

-11.1 

-1.9 

137.0 

159.3 

25 cm Snow Variable 0.25 -38.4 

-31.3 

-37.4 

-30.7 

22.9 

20.4 

-12.3 

-4.7 

136.0 

158.3 

 

*First values are the value at SHEBA. The second values are for the average of all Arctic sea ice points. 



 

Table 5.   Numerical Simulations with Polar WRF 3.5 for 24 January – 7 February, 2012 

Simulation Model Version Sea Ice Thickness (m) Snow Depth (m) 

Remote Polar Polar WRF 3.5 Variable Variable 

Remote 0.1 m Polar WRF 3.5 0.1 Variable 

Remote 0.5 m Polar WRF 3.5 0.5 Variable 

Remote 1 m Polar WRF 3.5 1 Variable 

Remote 3 m Polar WRF 3.5 3 Variable 

 



Figure 1. Map of  Arctic domain showing average January 1998 values of (a) sea ice concentration (fraction), (b) sea 

ice thickness (m), (c) snow depth on sea ice (m), and (d) topography (m). The location of Ice Station SHEBA is marked 

by the thick black curve. 

a 

c 

b 

d 



a b 

Figure 2.  Time series of (a) sea ice concentration (fraction), (b) sea ice 

thickness (m) and snow depth on sea ice (m) for January 1998 for Ice Station 

SHEBA (red lines) and all Arctic sea ice grid points (black lines).  The blue and 

purple lines in (a) represent area north of 80N and 85N, respectively. The 

right scale in (b) is snow depth (m). 
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Figure 3.  Time series for January 1998 showing Ice Station SHEBA values of (a) surface pressure (hPa), (b) 10 m wind 

speed (m s-1), (c) skin temperature (C), (d) 2.5 m (observed) and 2 m (simulated) temperature (C), (e) specific humidity 

(g kg-1), (f) incident longwave radiation (W m-2), (g) sensible heat flux (W m-2), and (h) latent heat flux (W m-2). 



e f 

g h 

Figure 3.  Time series for January 1998 showing Ice Station SHEBA values of (a) surface pressure (hPa), (b) 10 m wind 

speed (m s-1), (c) skin temperature (C), (d) 2.5 m (observed) and 2 m (simulated) temperature (C), (e) specific humidity 

(g kg-1), (f) incident longwave radiation (W m-2), (g) sensible heat flux (W m-2), and (h) latent heat flux (W m-2). 



Figure 4.  Time series for 16-26 January 1998 showing Ice Station SHEBA values of 2.5 m (observed) and 2 m 

(simulated) temperature (C).  The observations are shown by the dark solid line. Sea ice thickness sensitivity experiments 

are shown by the dashed color lines, and snow depth sensitivity experiments are shown by the solid color lines.   



Figure 5.  Vertical profiles for 16-26 January 1998 showing Ice Station SHEBA values for temperature (C). 

16-26 January Temperature at SHEBA 



Figure 6.  Time series for 16-26 January 1998 showing Ice Station SHEBA values for ground heat flux (W m-2). Sea 

ice thickness sensitivity experiments are shown by the dashed color lines, and snow depth sensitivity experiments 

are shown by the solid color lines.   



Figure 7.  Time series for 16-26 January 1998 showing Ice Station SHEBA values for sensible heat flux (W m-2). Sea 

ice thickness sensitivity experiments are shown by the dashed color lines, and snow depth sensitivity experiments are 

shown by the solid color lines.   



Figure 8. Map of  domain showing 0000 UTC 24 January 2012 values of  (a) topography (m), (b) sea ice concentration 

(fraction), (c) sea ice thickness (m), and (d) snow depth on sea ice (m). The numbered boxes are for time series. 
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Figure 9. Geopotential height (geopotential meters, gpm) at 500 hPa from NCEP GFS FNL for (a) 0000 UTC 24 

January, (b) 0000 UTC 26 January, (c) 0000 UTC 28 January, (d) 0000 UTC 30 January, (e) 0000 UTC 01 February, 

and (f) 0000 UTC 03 February, 2012. Contour interval is 50 gpm.  

a b c 

d e f 



Figure 10.  Mean sea level pressure difference (hPa) between the Remote 0.1 m and Remote 1 m simulations for (a) 

0000 UTC 26 January (hour 48), (b) 1200 UTC 27 January (hour 84), (c) 0000 UTC 29 January (hour 120), (d) 1200 

UTC 29 January (hour 132), (e) 0000 UTC 31 January (hour 168), and (f) 0000 UTC 01 February, 2012 (hour 192). 

Contour interval is 0.5 hPa.  
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d e f 



Figure 11.  Time series for the Arctic box 1 in Fig. 8b showing area average (a) surface temperature (K), mean sea 

level pressure (hPa), and 700 hPa height (gpm) for the 24 January – 07 February 2012 Polar WRF simulations.  

a b c 



Figure 12.  Time series for the Arctic box 1 in Fig. 8b showing area average (a) ground heat flux (W m-2), and (b) 

sensible heat flux (W m-2) for the 24 January – 07 February 2012 Polar WRF simulations.  

a 

b 



Figure 13.  Time series for the boxes 2, 3, and 4 in Fig. 8a showing area average 850 hPa temperature for (a) box 1, 

(b) box 2, (c) box 3, and (d) box 4 for the 24 January – 07 February 2012 Polar WRF simulations.  

a b 

c d 
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