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LONG-TERM GOALS 

Atmospheric tests of a new atmospheric nonhydrostatic dynamical core from the Model 
for Prediction Across Scales (MPAS) are extended to a framework where MPAS is embedded 

within the Community Atmosphere Model (CAM) of the Community Earth System Model 
(CESM), on medium to long range weather prediction (week - months) focusing on the Arctic 

region. We subsequently refer to this fully- coupled atmosphere-ocean-land-sea ice modeling 

system as MPAS-CESM. MPAS is a fully compressible, nonhydrostatic, global model that 
allows for local refinement of the horizontal grid such that there is a smooth transition in 
resolution from the relatively coarse global mesh to finer mesh in regions of primary interest. 

Results indicate that having a smooth transition in horizontal resolution reduce complica¬ 

tions that typically arise from traditional downscaling and nesting approaches. Additionally, 

since MPAS does not employ a latitude-longitude grid, it does not require the use of polar 
filtering and will therefore exhibit uniform performance over polar regions. Given these new 

capabilities available with MPAS, and the earth-system couplings of CESM, MPAS-CESM is 

expected to make considerable improvements in numerical predictions at weekly to monthly 

time scales. We have implemented meshes for the atmospheric component that are locally 
refined over the Arctic region which are used for multi-scale CESM simulations in this study. 

MPAS and the coupled MPAS-CESM is used to examine the evolution, dynamics and 
predictability of summer season Arctic surface pressure anomalies that we show are as¬ 

sociated with the dynamics of tropopause polar vortices (TPVs). The surface pressure 

anomalies correlate with the phase of the Arctic oscillation (AO) and the flow anomalies 

have a significant impact on sea ice movement and extent in the summer season. We test 
the ability of the atmospheric component of MPAS to simulate the evolution of TPVs in 
the summers of 2006 and 2007 that evinced anticyclonic and cyclonic sea-level pressure 

anomalies, respectively, for a variety of mesh configurations and physical parameterizations. 

Our results emphasize the importance of resolving TPVs over the Arctic at finer scales 

and their dynamical linkages to processes associated with developing surface cyclones at 

synoptic and sub-synoptic scales. This research examines the dynamics of these linkages 
and the ability of MPAS and MPAS-CESM to simulate the evolution of the coupled system. 
Specifically, we examine sensitivities in the evolution of the fully-coupled Arctic environment 

for the summers of 2006 and 2007. We address the questions: How well can MPAS predict 
the evolution of the 2006 TPV in free-forecasting mode? Does sea ice evolve as with the 

physical expectations outlined above? Do we observe the appropriate AO signature in the 
MPAS-CESM simulations? 

OBJECTIVES AND OVERVIEW 

This research, submitted under the ONR Broad Agency Announcement addresses Code 

32 (Ocean Battlespace Sensing), addresses the section on Ocean, Atmosphere and Space 
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Research and the call for Arctic and integrated prediction. The research is in direct response 

to the ONR Department Research Initiative “Predictability of Seasonal and Intraseasonal 

Oscillations: On the pathway to a seamless earth prediction system.” As directed in the 

initiative, we are advancing a nonhydrostatic global atmospheric model, and its variable- 

resolution capabilities will allow us to produce multiscale atmospheric simulations on the 
current generation of supercomputers. We are placing the MPAS atmospheric solver in 

CESM, and thus will be testing a full Earth System Model (i.e. coupled models) in our 
work as called for in the DRI. We are addressing scientific issues related to Arctic weather 

and the Arctic Oscillation, and this involves simulating ice-ocean-atmosphere interaction, 

and sea-ice changes in the Arctic; these issues are specifically called out in the DRI. The 
dynamics we are focusing on, beginning with tropopause polar vortices and their role in 

the evolution of Arctic surface pressure anomalies, sea ice distributions and evolution, and 

ultimately the AO, arc significant multiscale dynamical processes, which ultimately affect 

climate. Finally, we appreciate the Navy’s interest and need in next-generation global NWP 

systems and longer-time-scale prediction capability. We are working with Dr. dames Doyle 

of the Naval Research Laboratory (NRL) to communicate how MPAS and MPAS-CESM 
may be applicable to Navy relevant research. 

APPROACH 

This study evaluates the performance of MPAS by examining a multi-scale feature 

that is common to the Arctic: Tropopause polar vortices (TPVs). TP Vs are commonly 

observed tropopause-based vortices that originate in higher latitudes. TPVs are important to 

lower latitude predictability, because they are precursors to development of surface cyclones 

(Hakim and Canavan 2005; Cavallo and Hakim 2009: Cavallo and Hakim 2010). Yet, very- 

little is known about how TPVs are linked with lower latitudes or their role in longer-term 

predictability. Higher latitude regions are a unique environment for growth and longevity of 
TPVs due to their relative position poleward of the polar jet stream and limited heat and 

moisture. Spatial scales of TPVs range as high as ~1000 km and lifetimes can exceed 1 
month (Cavallo and Hakim 2013). Lifetimes can be particularly long over the Arctic Ocean 

during summer months when the polar jet stream has a relatively weak influence (Cavallo 
and Hakim 2012). Given their longevity in the Arctic and their active role in surface cyclone 

formation and growth, we hypothesized that TPVs are an important component of longer- 
term prediction, and hence the predictability of sea ice. 

The first portion of this study shows support that prediction beyond one week depends 

on the capability of numerical weather prediction models to accurately depict Rossby wave 
breaking events. Good prediction of Rossby wave breaking is necessary to accurately predict 

low-level atmospheric circulation over the Arctic Ocean. Thus, accurate prediction of sea 

ice depends on the predictability of Rossby wave breaking events. Fig. 1 illustrates our 
hypothesis with a conceptual model for the potential contribution of TPVs to Rossby wave 
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breaking, which comprises a feedback between TPVs, the arctic jet stream, the polar and 

subtropical jet streams, surface cyclones, and Rossby waves. Meridional extrusions of the 

polar jet stream are signatures of Rossby waves, and are centered about the strongest thermal 

gradients on the tropopause (Rossby et al. 1939). We believe that given the fact that TPVs 
encompass a coherent circulation anomaly of ~20 m s“l on average, the arctic jet (noted 
by a dotted purple circle) is a circulation feature associated with a TPV. Shapiro et al. 

(1987) first noted the presence of an arctic jet stream that is located on a tropopause fold 

that surrounds a so-called “polar vortex” with synoptic or sub-synoptic-scale spatial scales 

in the upper-troposphere. They furthermore noted that the location of this polar vortex 
was highly variable in the case they examined, moving between the high Canadian Arctic 

and midlatitudes of North America. Dotted lines in Fig. 1 illustrate our conceptual model 

of how the arctic jet stream interacts with lower latitude jet streams over time. Tirne=l 

reflects the subtropical, polar, and arctic jets with a lower latitude heat source and an 

initially zonal flow and isolated TPV. Time=2 shows enhancement of wave growth in the 
presence of the arctic jet, which is a new factor being introduced by the proposed study. 

Time=3 illustrates the implication of introducing the arctic jet stream, where it is more 
likely for wave breaking to occur. If a wave breaks, TPVs will once again become isolated 

from the polar and subtropical jet streams, where they await the next wave interaction. PI 
Cavallo has previously shown that when a TPV is isolated from the polar jet, it intensifies 
through diabatic processes (Cavallo and Hakim 2010). This finding will be expanded in the 

proposed study by investigating whether diabatic processes significantly control the strength 

of the arctic jet by radiative processes associated with water vapor anomalies and clouds. 

Foundational knowledge for this hypothesis is described in the following sections. 

Meridional .**"*. 

(time=l) (time=2) (time=3) 
Fig. 1. TPVs and Rossby waves interact. A schematic representation of the tropopause 

for a baroclinic wave during the early (Time= 1), developing (Time= 2), and mature (Time= 

3) stages with arctic, polar, and subtropical jets. Contours representing the subtropical, polar, 
and arctic tropopause are denoted by the red, blue, and magenta lines, respectively with 
corresponding air musses labeled. Solid contours represent the evolution in the absence of an 

arctic jet, while dashed contours represent those contours only in the presence of an arctic 
jet. Regions of anomalous potential vorticity (PV) creation (destruction) in the presence of 
the arctic jet are shaded light (dark) gray. 
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Model for Prediction Across Scales (MPAS) 

The atmospheric component of MPAS was developed by the National Center for Atmo¬ 

spheric Research (NCAR) and solves the fully compressible nonhydrostatic equations using 
finite-volume numerics discretized on centroidal Voronoi (nominally hexagonal) meshes using 
C-grid staggering of the prognostic variables based on the work of Thuburn et al. (2009) 

and Ringler et al. (2010). The mesh configurations developed for this study are depicted 
in Fig. 2. We have chosen three different configurations in order to isolate the predictive 

benefits of having a smooth transition in horizontal resolution, and to further isolate the 

significance of remote forcings (such as upstream convection) on the prediction of Arctic 
cyclones. 

The approach we are using to solve the nonhydrostatic equations can be considered an 

extension of existing techniques used in nonhydrostatic models to the horizontal Voronoi 

mesh; these techniques are used in the Advanced Research Weather Research and Forecast¬ 
ing (WRF-ARW) model, COAMPS, ARPS, etc. By using established techniques, MPAS 
leverages existing state-of-the-art technology, and preliminary tests show that MPAS will 

give solutions as accurate as WRF-ARW and similar models at both hydrostatic and non¬ 

hydrostatic scales (Skamarock et al. 2012). These techniques represent the state-of-the-art 
in mesoscale and cloud-scale modeling. 

The quasi-uniform centroidal Voronoi meshes used within MPAS are similar to the icosa- 

hedral (hexagonal) meshes such as that used in other nonhydrostatic icosahedral atmospheric 

model, for example NICAM (Satoh et al. 2008). These meshes provide nearly uniform 

resolution over the globe and allow for good scaling performance on massively parallel 

architectures. MPAS represents, however, the first C-grid discretization on the sphere 
(normal velocities on the cell faces are prognosed, as opposed to solving for cell-centered 
velocities on the A-grid), and as such retains the accuracy of mesoscale and cloud-scale 
models (e.g., ARW. COAMPS, etc) that precede it. 

In contrast to the MPAS centrical Voronoi mesh, global atmospheric models have typically 
employed latitude-longitude grids. Solvers employed on these meshes need special treatment 

in the polar regions that inhibit scaling on parallel computing architectures, or, in the case 

of spherical-transform based models, require Legendre transforms that do not scale well. 

The centroidal Voronoi meshes also allow for local refinement, and the variable-resolution 

horizontal mesh takes advantage of the unstructured-mesh capabilities of the MPAS nonhy¬ 
drostatic solver. The variable-resolution meshes are generated such that there is a gradual 

change in mesh density from the coarse to the high resolution regions, and as such allow 
for much more flexible mesh refinement capabilities than approaches using a remapping of 

a structured mesh. The smooth mesh transitions we use in MPAS stand in contrast to the 
abrupt mesh transitions used in traditional 2-way nested models such as WRF-ARW or in 
mesh refinement achieved directly through cell division using rectangles or triangles. We 
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believe the smooth mesh transition will ameliorate many of the difficulties associated with 
traditional nesting approaches as indicated by the recent results from Co-PI Skamarock and 

collaborators using the shallow water equations (Ringler et al. 2011). 

Fig. 2. MPAS is a global model that allows for a smooth grid transition in 

regions of interest. Schematic of the MPAS C-grid horizontal discretizations that have 

been implemented for the current study. Comparisons are performed with a (a) uniform mesh 
containing nearly equal cell spacing globally, (b) and arctic-refined variable resolution mesh 

where cell spacing varies from ~30-km over the Arctic Ocean to ~60-km in lower latitudes, 

and (c) a midlatitude-refined variable resolution mesh where cell spacing varies from ^30-km 

over midlatitude regions and ~60-km over the Arctic region. 

A MULTI-SCALE APPLICATION—TROPOPAUSE POLAR VORTICES (TPVs) 

This study focuses on identifying mechanisms that enhance predictability of physical 
and dynamical processes in polar regions, which are relatively weak in comparison to lower 

latitudes (Jung and Co-authors 2013). Sea ice and TPVs are unique factors of significance 
in the north polar region, most critical to our understanding and likely to be co-dependent. 

Prior studies have established the importance of synoptic-scale cyclones to the Earth’s 

climate system, particularly for their role in transporting heat, momentum and moisture 

from lower-latitudes to the extratropics (e.g., Trenberth and Stepaniak 2003; Eckhardt et al. 

2004; Schneider et al. 2006; Boutle et al. 2011). Tropopause dynamics are known to be 

important for subsequent surface cyclone development (e.g., Eliassen and Kleinschmidt 1957) 

and predictability. TPVs are critical to improving predictability because they are always 
associated with an upper-level PV anomaly, which is a necessary feature for type B surface 

cyclogenesis (e.g., Petterssen and Smebye 1971). Surface cyclones can accelerate sea ice loss, 
as observed in the summer of 2012 when an exceptionally strong cyclone developed over the 

Arctic Ocean (e.g., Simmonds and Rudeva 2012; Parkinson and Comiso 2013; Kriegsmann 
and Briimmer 2014; Zhang et al. 2013). 

Diabatic processes govern TPV maintenance (Cavallo and Hakim 2009; Cavallo and 
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Hakim 2010); longwave radiative effects associated with water vapor anomalies are crucially 

necessary for TPV’s intensification (Cavallo and Hakim 2012; Cavallo and Hakim 2013). 

These studies show that TPV intensification is most likely to occur at locations where 

temperatures are relatively cool and latent heating rates are limited, conditions most common 

in higher latitudes and over land or sea ice. The proposed study will address knowledge 
regarding the role and feedbacks between TPVs and sea ice, and about the roles of radiation 

and latent heating in intensifying and weakening TPVs in this process (Cavallo and Hakim 

2010). If greater areas of open water increase upward sensible and latent heat fluxes into 

the atmosphere, they may increase the potential for latent heating to weaken TPVs. On the 

other hand, areas of open water located adjacent to sea ice or land areas increase the lower- 
level horizontal temperature gradients that promote surface cyclone development (e.g., Eady 
1949). 

TPVs tend to exhibit particularly long lifetimes over the Arctic Ocean during the summer 

months when the polar jet stream has a relatively small influence (Cavallo and Hakim 
2012). A major focus of this study has been on evaluating the MPAS performance for 

a single TPV that remained quasi-stationary over the Arctic Ocean for several months 

during the summer of 2006. This particular TPV exerts a large impact on the mean 

summer atmospheric circulation, as evident in anomalously low 500 hPa geopotential heights 
from the NCEP Climate Forecast System Reanalysis (CFSR)(Saha and collaborators 2010) 

climatology during the months of June, July, and August (JJA)(Fig. 3a). In contrast, 
cyclonic TPVs are largely absent during the summer of 2007, which is reflected in the 

anomalously high 500 hPa geopotential heights over much of the Arctic Ocean during JJA 
(Fig. 3b). In these cases, the TPV mean circulations extend to the surface (not shown), 

where anomalously high (low) sea. ice concentrations were observed during the summer of 

2006 (2007) (Fig. 3c). Aided by the geography of the Arctic, cyclonic (anticyclonic) low-level 
circulation anomalies tend to increase (decrease) sea ice concentrations by flow in and out 

of the Arctic Ocean through the Bering and Fram Straits (e.g., Rigor et al. 2002). 

Given the long lifetimes of some TPVs and their links to surface anomalies and Rossby 

wave breaking, we believe they may play a role in longer-term sea-ice anomalies. Reductions 

in sea ice have occurred much more rapidly than projections from global climate models 

(GCMs; e.g., Holland et al. 2006; Stroeve et al. 2007). Although many factors may 
contribute to this rapid sea ice decline, Ogi and Wallace (2007) noted that years witli 
anomalously low (high) September sea ice extent are often preceded by anticyclonic (cyclonic) 
sea level pressure (SLP) anomalies over the Arctic Ocean. Serreze and Barrett (2008) showed 

that summer SLP anomalies over the Arctic extend to the 500 hPa level, and can broadly 
be linked to the phase of the AO. Sea ice movement has been observed to closely follow the 

lower level atmospheric circulation patterns (Rigor et al. 2002), consistent, with estimates 

of a net surface forcing from the atmosphere toward the ocean during the summer months 

due to relatively high solar heating rates (Serreze et al. 2007). During the summer months 

when TPVs have longer lifetimes over the Arctic Ocean, their potential impact on the mean 
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atmospheric flow is greater than the winter and their associated anomalies are more likely 
to project with phases of the AO. 

Fig. 3. Summer seasons with lower (higher) sea ice extent correlate to higher 

(lower) 500 hPa heights over the Arctic and a negative (positive) Arctic 

Oscillation pattern. Anomalies in 500 hPa geopotential heights averaged over June, July, 

and August (JJA) during (a) 2006 and (b) 2007 with respect to climatologies from 1979- 

2010. The contour intei'val is 10 meters, (c) Time series of the standardized anomalies 

in JJA geopolential height (red) and September minimum sea ice extent (blue) with respect 
to climatologies from 1979-2000. The dark (light) gray vertical lines correspond to the year 
2006 (2007), and the red (blue) dots are the values of geopotential height (sea ice extent) at 
the corresponding years. 

Short timescale variability in Arctic sea ice 

To quantify changes in sea ice, we use daily sea ice extent (SIE) from the National Snow 

and Ice Data Center (NSIDC) Sea Ice Index (Fetterer et al. 2002). ASIE is the sum of the 

daily change in SIE from the previous 3 days. Moving 3-d sums of ASIE are spectrally filtered 
using a high-bandpass cutoff period of 18 days to isolate the short timescale variability are 
considered very rapid sea ice loss events (VRILEs). Extremes are treated as the tail of the 

distribution of SIE loss, here the lowest 5th-percentile in ASIE. We apply a high bandpass 

Butterworth filter with a cutoff frequency of 6,43xl0-7 Hz (or a period of 18 days) to 
retain only the high frequency variability that is significant with respect to the 95% red 

noise spectrum (Fig. 4d). The days that correspond to the top 5th percentile are then used 

to define VRILEs. Occurrences of VRILEs on consecutive days arc not eliminated, but are 

recognized as possibly being related to the same physical feature, such as a long-lived surface 

cyclone. To account for these occurrences, we reduce the VRILEs into a subset referred to 

as "Unique VRILEs", where any series of VRILEs identified on adjacent days are counted 
as a single event, with the date corresponding to the last day in the series. 
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Global climate model projections from the Community Earth System Model - Large 
Ensemble (CESM-LE)(Kay et al. 2015) show increasing Arctic ASIE variability as the 

climate warms, especially at timescales of at least one week (Fig. 4a). CESM-LE Arctic 

ASIE variability is only significant for periods of over 50 days in both present and future 

scenarios, indicating from this modeling perspective that VRILEs may not be a significant 
contribution to ASIE. However, observations show that Arctic ASIE variability is also 

significant for periods of about 15 days or less (Fig. 4b), implying that the CESM-LE, and 
potentially other climate models, are not representing the physical processes that produce 

the variability at weather timescales. Furthermore, observed atmospheric variability from 
intraseasonal variations such as the Arctic Oscillation (AO) and North Atlantic Oscillation 

(NAO) are significant at timescales of as short as one week (not shown), and since ASIE is 
in part associated with these patterns of atmospheric variability, CESM-LE may also not be 

representing the full range of impacts from them. The observation shown here that ASIE 

variability is significant at timescales of 15 days or less motivates the use of MPAS-CESM 

since the high-resolution atmosphere can more accurately represent these shorter timescales 

that are important for the interactions between TPVs, Arctic cyclones, and sea ice loss. 

Thus we hypothesize that accurately simulating the strength of synoptic weather, such as 

Arctic cyclones, is a key factor in accurately predicting sea ice loss due to the atmosphere-ice 
feedback. 

RESULTS 

In August 2006, there was an event in which the long-lived TPV moved over the sea ice 
margin (SIM) in the North Atlantic near Svalbard, Norway, inducing a strong surface cyclone 
(Fig. 5a). As an illustration of a primary deliverable directly from this project, MPAS-CESM 

successfully simulated the TPV and surface cyclone (Fig. 5b). Passive microwave satellite 

radiometry images following this event revealed a large and newly-developed ice-free region 

at the location of the cyclone (Fig. 5c), and the feedback between the atmosphere and sea 

ice motion is clearly evident in the MPAS-CESM simulation (Fig. 5d). A particular case is 

chosen for evaluation that incorporates the multi-scale aspects of atmosphere, ocean, and 
sea ice feedbacks. This case consists of a single TPV with an 86-day lifetime (Fig. 6a). 
The long lifetime results in a negative 500 hPa geopotential height anomaly during the 
entire warm season of 2006, centered over the central Arctic Ocean (Fig. 6b), that projects 

onto the Arctic Oscillation (Fig. 6c). Below we summarize the results leading up to the 
capability illustrated above of the coupled atmosphere-ocean-land-sea ice modeling system 

MPAS-CESM in performing medium to long range weather prediction (week - months) 
focusing on the Arctic region. 

A hierarchical modeling approach begins with development and testing of the nonhydro¬ 

static atmospheric component model, which we refer to as MPAS-A. The second portion 

of this research combines MPAS-A with the fully coupled Community Earth-system model 
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Observed 
(NS1 DC) 

J 

lim ate model 
(CESN 4-LE) 

Period (Days) Period (Days) 

FlG. 4. There is signifcant sea ice variability at high frequencies (weather 

timescales) that are not represented in climate models. ASIE Power spectral 

density (PSD) (a) in 30-yr periods from CESM-LE projections for 1920-1949 (blue), 1950- 

1979 (orange), 1989-2016 (green), 2020-2049 (red), and 2050-2079 (magenta) and (b) 

CESM-LE projection of the near present day equivalent (1989-2016 period; green) comparison 

to observations from the NSIDC sea ice index (1979-2017; blue). The 95% confidence interval 
from the theoretical red noise spectrum (dashed red) is also shown, and thus PSD values above 
this dashed red line indicate statistically significant ASIE variability. Units of PSD here is 

Variance PLz^1. In (b), the green curve is bounded by the 0.05-99.5 percentile (p=0.01) 

bootstrap resampled 1000 times with the mean from the 30 members of the CESM-LE. The 
vertical dashed black line denotes the 18 day cutoff period used in the high bandpass filter to 
retain the weather timescales. 

(CESM), which we refer to as MPAS-CESM. This modeling configuration is now available 
to the general community through the National Center for Atmospheric Research (NCAR) 

as part of the CESM dynamical core options. Results are summarized here in the case of the 
long-lived (86-day lifetime) TPV over the Arctic Ocean during the summer of 2006 described 
above. Table 1 summarizes a description of the tasks taken to achieve the goals of this study. 

Atmosphere only 

We first analyze the performance of an MPAS-A ensemble for the 2006 TPV (Task T1 in 

Table 1). Ensemble members vary by mesh configuration and physics parameterizations, but 

all consist of the same dynamical core. Ensemble forecasts are initialized weekly beginning 

after TPV genesis. The composite results for all experiments show that TPV track forecasts 

diverge with 7-d forecast lead times on average (Fig. 7a). TPV intensity forecasts in the 

MPAS-A ensemble quickly diverge from observations immediately, and we find there is 
considerable sensitivity to the mesh spacing near the TPV (not shown). Regardless of the 
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Observed (b)MPAS-CESM 

120W 

Fig. 5. (a),(c) Observations vs. (b),(d) numerical modeling simulation of a hole 

in Arctic sea ice underneath an Arctic cyclone and tropopause polar vortex, (a)- 
(b) Potential temperature on the dynamic tropopause (colors; color interval 5 K) and sea 
level pressure (black contours; contour interval 4 hPa; only values at or below 1004 hPa are 

shown) 00 UTC 21 August 2006, (c) sea ice concentration from passive microwave satellite 

radiometry composited over 21 August 2006, and (d) modeled sea ice velocity (cm s-i). The 

green circle highlights a region of sea ice loss, evident by satellite observations (c) under 

an observationally-based model analysis of a TPV and Arctic cyclone in (a). The dynamic 

tropopause is the 2 PVU surface, where 1 PVU = 106 K m2 kg^1 s_1. The model simulations 

in (b) and (d) are from the MPAS-CESM configuration described in this report. 
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Fig. 6. The negative 500 hPa height anomaly over the Arctic and negative 

AO pattern in the summer season of 2006 are associated with a single, long- 

lived TPV. (a) Vortex tracks with vortex intensity (colors) of a unique TPV during June- 

August 2006 from ERA-interim analyses (Dee et al. 2011). (b) Mean 2006 June-August 500 

hPa geopotential height anomalies from NCEP/NCAR Reanalyses (Kalnay and collaborators 

1996). (c) 10-d running mean of the Arctic Oscillation (AO) index from May - September 
2006 (Data source: NO A A Climate Prediction Center). 

Table 1. Summary of major tasks completed. 

Task Major task 
number 
T1 MPAS-A warm season 

experiments 

Descriptions 

(i) Ensemble experiments for Summer 2006 

(ii) Summer 2007 analysis 
(iii) Comparison with TIGGE ensemble 

T2 MPAS-A seasonal sensitivity (i) MPAS evaluation vs. ECMWF forecast 
experiments “bust” case 

T3 MPAS-CESM configuration (i) Couple MPAS-A (nonhyrdostatic) with CESM 
components 

(ii) Spin-up ocean and sea ice modeling components 

T4 MPAS-CESM sea ice 

experiments 
(i) Atmosphere only, CAM physics case study 

experiment. 

(ii) Hierarchical coupling with ocean, sea ice modeling 
components 

physics parameterization, intensity is best predicted for a mesh with local refinement over 
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the Arctic (Recall Fig. 2b). Conversely, the least skillful track forecasts occur when the local 

refinement region is in midlatitude regions (Recall Fig. 2c). This suggests that accurately 

resolving the TPV is more critical to forecasting vortex track than resolving midlatitude 
convection. 

To extend the generality of these results, and to evaluate whether results are unique to 
MPAS-A, TPV intensity forecasts from the THORPEX Interactive Grand Global Ensemble 

(TIGGE; Bougeault et al. 2010) are analyzed. TIGGE consists of ensemble forecast data 
from 10 global numerical weather prediction centers, and is freely available for scientific 

research. This includes forecasts from the operational European Center for Medium Range 

Forecasting (ECMVVF) integrated Forecasting System (IFS), consisting of a high-resolution 
deterministic forecast member and 51-ensemble members (Buizza et al. 2007). The composite 

forecast results from the 2006 TPV case in TIGGE indicate that intensity forecasts diverge 

with 4-6 day forecast lead times (Fig. 7b). Furthermore, all ensemble members under-forecast 

TPV intensity of the 2006 TPV. To further generalize whether systematic forecast biases 
exist in TPV intensity, intensifying TPVs in TIGGE forecasts between October 2006 and 

June 2005 with >5-day lifetimes are compared to ERA-interim analyses; these conditions 
yield 35 total cases. Results indicate that in 89% of the cases, TIGGE members under- 

forecasts 1-day changes in TPV intensity (Fig. 7c). Therefore, we conclude that modern 
operational forecast models tend to under-predict the strength of long-lived TPVs. This 

suggests that there is a missing key process in current operational models that inhibits an 

accurate representation of TPV evolution. We next explore sensitivities in TPVs in order to 

quantify their potential impact on Arctic cyclones and sea ice. 

Object-based idealized experiments 

To evaluate seasonal sensitivity, we next identify a case on 10 October 2010 where 
verification of extended range forecasts is particularly poor (Task 2 of Table 1). The 
atmospheric pattern on 10 October 2010 corresponds to a transition from a positive to a 

negative NAO pattern. In order to test the impact that a TPV has on subsequent forecast 
evolution, we developed a method to numerically weaken a TPV based on the known physical 

processes previously identified by Cavallo and Hakim (2013) as the primary intensification 

process of TPVs. This method allows us to bypass vortex removal methods, which have 

limitations due to necessary assumptions that must be made in order to replace a vortex 

with a balanced atmospheric state (e.g., Davis and Emanuel 1991; Demirtas and Thorpe 1999; 

Browning 1999). In particular, we use information about the longwrave radiative cooling rates 
(Fig. 8a) that are associated with the longwave radiative response to water vapor (Cavallo 

and Hakim 2013). An additional forcing term is added within the model integration that 
follows the vortex by identifying a closed contour of tropopause potential temperature that 

surrounds the TPV at the forecast initialization time, and then applying thermodynamic 
heating in all columns within that region everywhere in the troposphere (Fig. 8b). This 
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Fig. 7. TPV tracks are predictable for about a week, while intensity forecasts 

exert an immediate bias, (a) Composite ensemble MPAS TPV track error (x-axis) vs. 
forecast lead time (y-axis) for the 2006 warm season long-lived TPV. (b) Ensemble TIGGE 

intensity error (y-axis) vs. forecast lead time (x-axis) for the 2007 warm season long-lived 

TPV. (c) Rank histogram of TPV intensity in the TIGGE ensemble. Error is the difference 
between the forecasts and ERA-interim reanalysis values (Forecast minus reanalysis), (c) 
Rank histogram of TPV 5-d intensity error in TIGGE for all TPVs that are intensifying 

at analysis time for the time period October 2006 - June 2015. In (b), intensity is defined 

as the minimum potential temperature on the 2-PVU dynamic tropopause in the vortex. 
Thus positive (negative) values in (b) imply the forecast vortex is weaker (stronger) than the 

estimate from reanalysis data. The blue line in (b) represents the ensemble member with 

the highest resolution. In (c), a lower (higher) normalized rank corresponds to an ensemble 

member with a forecast vortex that is weaker (stronger) than the estimate from reanalysis 
data. 

thermodynamic heating is designed to oppose the longwave cooling responsible for the TPV 
intensification. After 60-h of model integration, the TPV is completely damped (Fig. 8c). 

Using this method to weaken a TPV, a sensitivity experiment is designed to test the 

impact of TPV intensity on downstream forecasts. The control forecast simulation is an 
MPAS-A simulation with initial and boundary conditions from ERA-interim, initialized 00 

UTC 4 October 2010. An experiment simulation is performed where the only difference from 
the control simulation is that the TPV is dampened as described above. Differences reveal 

that the TPV impact spreads downstream into the North Atlantic through eastern North 

America, and also into the North Pacific through Siberia, concurrently (Fig. 9a,b). Note that 

the error that reaches the polar jet stream from the North Pacific pathway through Siberia 

would appear as an upstream bias at nearly the same time as the downstream bias reaches 
the North Atlantic. The paths that these differences evolve on coincide with the pathways 

that TPVs most often take as they are transported out of the Arctic and into lower latitudes 
(Fig. 9c). This demonstrates that a TPV can have a substantial hemispheric impact from 
short to extended time scales in middle latitudes. 
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Fig. 8. Idealized experiments can be performed in MPAS-CESM that target 

object-based processes. Cross sections (a) across composite TPVs with longwave radiative 

heating rate anomalies (Cavallo and Hakim 2010), (b), across a TPV over the Canadian 

Arctic on 4 October 2010 in MPAS, and (c) across a region where the TPV in (b) was 
damped in an MPAS forecast on 6 October 2010 at 12 UTC. 

Atmosphere, Ocean, and Sea Ice Couplings 

One of the major achievements of this project is the development of a new numeri¬ 

cal modeling tool for Arctic predictability studies to examine process-based hypotheses. 

This modeling system utilizes the following Earth-system component models within the 

CESM framework (Fig. 10), which are coupled using the CPL7 coupler with fluxes on 

the atmospheric grid. The modeling components include the POP2 (ocean model) on 1° 
Greenland tri-pole and 1 day coupling to atmosphere, CLM4 (land model) on 1° finite 

volume grid with 30 min coupling to atmosphere, CICE5 (sea ice model) on 1° Greenland 
tri-pole with 30 minute coupling to atmosphere, RTM (river model) with 3-hour coupling, 

the GLC land-ice model, and the WAV ocean wave model. We replace the CESM default 

Community Atmospheric Model (CAM) with the nonhydrostatic version of MPAS-A. The 

higher atmospheric resolution is clearly apparent in relative vorticity from our first simulation 
of the 2006 TPV (Fig. 11). 

One of the remaining challenges of using an Earth-system model such as MPAS-CESM in 

“weather forecasting” mode (i.e., forecasts are initialized from a given analysis or reanalysis 

based on observations of the atmospheric state) is with regard to model spinup. Spinup is the 
modeling system’s adjustment from initial conditions to its own climatological state, which 

for an atmosphere-only model, occurs on short time scales on the order of days (e.g., Rodwell 
and Palmer 2007). However, when including models that simulate slower processes at longer 
time scales, such as an ocean model, spinup is on the order of years. If we want to use a 
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Fig. 9. Bias in TPV intensity spreads upstream and downstream into 

midlatitudes. MPAS-A (a) 84~h and (b) 144~h forecast differences for an experiment where 

a TPV was damped during the first 48-h of integration. Forecasts are initialized 4 October 

2010 at 00 UTC. (c) ERA-interim (1979-2015) winter TPV track density anomalies (colors) 

illustrated as the difference between winter and annual TPV probabilities at a given location. 

Green arrows correspond to the “pathways" of relatively dense TPV tracks in the winter. 
Green circles in (a) and (b) denote the location where a TPV was damped in the experiment. 

model to learn about physical processes: it is important that the model tendencies not be 

overshadowed by spinup (e.g., Cavallo et al. 2016). To account for this, we find an ensemble 
member from the Community Earth System Model Large Ensemble (CESM-LE; Kay et al. 

2015) that is closest to an observed initial condition in a chosen metric. The CESM-LE 

consists of 30 simulations for the period 1920-2100, each with identical external radiative 

forcing, but beginning from slightly different initial conditions. Historical forcing was applied 

for 1920-2005 and representative concentration pathway 8.5 (RCP8.5) radiative forcing was 

used for 2006-2100. The CESM-LE uses the exact modeling components as our modeling 

system described here, except for the atmospheric component. Thus, by choosing a restart 
file from a particular ensemble member of the CESM-LE, we are able to begin simulations 

from an ocean model that is already spun-up. Then, the remaining spinup derives primarily 
from the atmospheric model, which is equivalent to the spinup from typical regional models 

that use a non-native analysis for initial conditions. This analog initial condition approach 
(e.g., Lorenz 1969) is most similar to a “Dynamic Analog Initialization” (Li et al. 2013), and 

we choose to initialize from an ensemble member that has the minimum difference in sea ice 
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atmosphere sea ice 

MPAS CICE5 

land 

CLM4 

river runoff 

ROF 

ocean 

POP2 
Fig. 10. MPAS-CESM is a fully-coupled Earth system model with a high- 

resolution nonhydro static atmospheric component. Configuration of the MPAS- 
CESM. This fully coupled Earth System prediction system consists of seven geophysical 

models: atmosphere (MPAS-A nonhydrostatic), sea-ice (CICE5), land (CLM4), river- 

runoff (ROF), ocean (POP2), land-ice (GLC), and ocean-wave (WAV). A coupler (CPL7) 

coordinates the geophysics m,odels time evolution and passes information between them. 

extent (SIE) at a given initialization time. 

In testing the hypothesis that accurately simulating the strength of synoptic weather, such 
as Arctic cyclones, is a key factor in accurately predicting sea ice loss due to the atmosphere- 

ice feedback, we perform both real-data and idealized numerical simulations with the fully 

coupled version of MPAS-CESM. The real-data cases are in conjunction with the Study 
of Environmental Arctic Change (SEARCH) Sea Ice Outlook (SIO) forecasts of September 

Arctic sea ice extent. Using this analog initial condition approach, we test the impact on sea 

ice by uncertainties in atmospheric initial conditions by beginning SIO forecasts from slightly 

different atmospheric states using the deterministic Global Forecasting System (GFS) and 

Global Ensemble Forecast System (GEFS). The Great Arctic Cyclone of 2012 is strongly 

linked to an acceleration of sea ice loss. MPAS-CESM forecasts produce a pattern of strong 

Arctic cyclone activity and accelerated sea ice loss, in contrast to the CESM-LE, despite 
MPAS-CESM being initialized from CESM-LE (Fig. 12a). Without addressing biases in 

initial conditions, MPAS-CESM 2-month forecasts are quite competitive with the other SIO 
forecasts (Fig. 12b). For 2017 SIO forecasts, forecasts initialized with the deterministic GFS 
atmosphere, MPAS-CESM performs with the 2nd most skillful forecast of tiie 37 SIO forecast 

models (Fig. 12d). We furthermore discovered that the ensemble members initialized from 

GEFS were significantly worse, which we are now investigating. A noteworthy point about 
GEFS initial conditions is that they are derived from a coarser-resolution version of GFS. 

18 



-2*4 -2 -1.6 -1*2 -0.8 -0.4 0 0.4 0.& 12 1.6 2 2.4 -2.4 -2 *1.6-1.2-O.B-0.4 0 0.4 0.8 12 1,6 2 2.4 

Fig. 11. The mesoscale structure within TP Vs becomes apparent with higher 
atmospheric resolution. 500 hPa relative vorticity at forecast hour 120 from MPAS- 

CESM with (a) variable resolution with 25-km mesh spacing over the Arctic that smoothly 

transitions to 90-km spacing elsewhere, and (b) MPAS-CESM globally uniform 60-km 

mesh spacing. Forecasts are initialized 00 UTC 15 August 2006 from ERA-interim initial 
conditions. 

Vorticily 2006-08-20_00:00 i £.4/s Vorticity 2006-09-20 00:00 1 E-4/s 

This is furthermore consistent with our hypothesis that it is important to represent smaller 
atmospheric scales in order to accurately predict TPVs, Arctic cyclones, and the resulting 
sea ice loss. 

A summary of all idealized sensitivity experiments is listed in Table 2, and are based on 
a 2006 and 2007 MPAS-CESM month-long control run initialized 00 UTC 1 August. The 

trends in 2006 vs. 2007 SIE reflect the observed trends, namely with much lower SIE by 

mid September 2007 in comparison to 2006. Large sensitivity occurs when all 2006 TPVs 

poleward of 50°N latitude are artificially strengthened, resulting in substantially greater SIE 
(Fig. 13a). Recall this season consists of primarily one long-lived TPV over the central Arctic 

with a corresponding surface cyclone (Fig. 14a,c). The longevity is partially due to limited 
Rossby wave interaction, and the enhanced cloud-cover early in the season prevents solar 
radiation from reaching the surface, limiting early season thermodynamic sea ice melt. In 

2007, a lack of early-season TPVs corresponds to anomalously low cloud cover and high sea 
ice melt near the Arctic Ocean coastlines during the months of June and July. However, 

Rossby wave interactions with TPVs are greater in 2007 since TPVs are located anomalously 

equatorward and closer to the polar jet stream. Combined with open waters over the Arctic 

Ocean near the coast, the pattern of high pressure shifts to a pattern of frequent storms 

when TPVs begin moving over the newly open water over the Arctic Ocean. The impact 
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Fig. 12. MPA S - CESM produces competitive sub seasonal-to-seasonal forecasts 

of September minimum sea ice extent. MPAS-CESM Study of Environmental Arctic 

Change (SEARCH) Sea Ice Outlook (SIO) forecasts of September Arctic sea ice extent 
initialized 1 August (a)-(b) 2012 and (c)-(d) 2017 with a (a),(c) time series of sea ice extent 
(SIE) and (b),(d) ranking of mean September SIE in comparison to all other SEARCH SIO 
forecasts. 

of TPV strength and enhanced sea ice velocity is clearly illustrated as the 2006 TPV is 

strengthened by rates of-5 K day-1 (Fig. 14b,e) and -10 K day-1 (Fig. 14c,f). Furthermore, 
these sensitivity experiments show that localized TPV perturbations can impact zonal-mean 

momentum (Fig. 13b). For example, in the 2006 case, strengthening TP Vs equatorward of 
65°N increases Rossby wave activity, allowing the long-lived TPV to move out of the Arctic. 

IMPACT/APPLICATIONS 

The MPAS-CESM modeling configuration developed during this project is now available 

to the general community through the National Center for Atmospheric Research (NCAR) 
as part of the Community Earth System Model (CESM) dynamical core options: 

https://near.ucar.edu/what-we-offer/models/model-prediction-across-scales-mpas. 
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TABLE 2. Summary of TPV modification sensitivity experiments. All simulations use fully- 
coupled MPAS-CESM for a 1-month forecast duration beginning 00 UTC 15 August of the 
respective year. 

Simulation title Description 

X2006 
X2007 

W2006JST65N 
C2006_N65N 

C2006-N50N 
C2006_S65N 
C2007_N65N 

W2007-N65N 

2006 Control 

2007 Control 

Warm (weaken) all 2006 TPVs poleward of 65°N latitude 

Cool (strengthen) all 2006 TPVs poleward of 65°N latitude 

Cool (strengthen) all 2006 TPVs poleward of 50°N latitude 
Cool (strengthen) all 2006 TPVs equatorward of 65°N latitude 

Cool (strengthen) all 2007 TPVs poleward of 65°N latitude 

Warm (weaken) all 2007 TPVs poleward of 65°N latitude 

Fig. 13. Changes in TPV intensity significantly impacts the seasonal 
atmospheric pattern. MPAS-CESM (a) time series of shifted sea ice extent f'xlO6 

km2) and (b) 850 hPa zonal mean wind as a function of latitude for the TPV modification 
sensitivity experiments. Values for each of the curves in (a) are shifted by a constant so 

that they begin on 15 August with the same values, and thus curves reflect trends, and not 

the actual sea ice extents. Shadings in (b) are the 95% bootstrap confidence intervals on the 

mean from 6-hourly samples. Refer to Table 2 for a description of the experiments. 

TRANSITIONS 

None. 

RELATED PROJECTS 

This research helped motivate ONR Department Research Initiative (DRI) “Overcoming 
the Barrier to Extended Range Prediction over the Arctic.” The aim is to enhance the 
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Fig. 14. Stronger TP Vs are associated with faster sea ice flow. MPAS-CESM 

(a)-(c) tropopause potential temperature (colors; units of Kelvin) and sea level pressure 
(contours; units of hPa; only contoured for values less than WOO hPa) and (d)-(f) sea ice 

velocity magnitude (colors; units of cm s^1) and motion vectors (arrows) for the (a),(d) 

X2006, (b),(e) C2006-N50N with -5 K cooling, and (c), (f) C2006-N50N with -10 K cooling 
simulations at forecast hour 120. 

understanding of dynamics of Arctic cyclones and their relationship to the tropopause polar 
vortex (TPV), and will involve a large-scale aircraft campaign in the Arctic. 
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