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Abstract: This paper quanti es and discusses the impact of high-u®wi, high-frequency atmospheric forcing on the ocean
circulation in the vicinity of the Denmark Strait. The appab is to force a 2 km-resolution regional ocean circulatimdel with
atmospheric states from reanalysis products that haverelift spatial and temporal resolutions. We use the NatiGeater for
Environmental Prediction global reanalysis data{2€solution, 6-hourly output) and a specially-con guredimmal atmospheric
model (12 km resolution, hourly output). The focus is on thenth-long period in winter 2007 during the Greenland Flowtbition
Experiment. Diagnostics of upper-ocean currents and migre sensitive to the small-scale variability in the highealution
regional atmospheric model. The hydrographic state of 4 model is insensitive over the month-long experimémasever.
Both sea ice and the uxes of volume, heat, and freshwatersadhe east Greenland shelf break and through the Dennraik St
show a moderate response to the high-resolution atmospfueding. The synoptic-scale atmospheric state has a lanigein
controlling sea ice too, while internal ocean dynamics esdbminant factor controlling the ux diagnostics. It is thegh spatial
resolution, not the temporal resolution that causes thiéset® with O(10 km)-scale features being most importahe sea-level
wind eld is responsible, with the other atmospheric eldgying relatively minor roles. Copyright 2009 Royal Meteorological

Society
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1 Introduction deep limb of the global meridional overturning circu-
lation (MOC) in the ocean[ickson et al. 2009. This

transport includes spilling of so-called Denmark Strait

The Denmark Strait, between Greenland and Icelang, .. .\ \vater across the 600 m-deep saddle. It also

is a vital conduit between the Arctic and the North .
includes movement of fresh, cold water—and sea ice—along

Atlantic oceans. The equatorward tranport of dense porl;l%rd off the 200 km-wide east-Greenland continental shelf

water through the Strait comprises a key part of ﬂfEacon et al.200§. These transports, and the ocean cir-

o _ culation in the Irminger Sea, are a subject of long-standing
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importance in oceanography. They also have growigtpbal reanalysis daté&plnay et al, 1994. We also use
importance in climate dynamics because of their link Bomuch higher resolution regional atmospheric simulation
the MOC Haine et al.2009. that is specially-con gured for the North Atlantic during

o _ 'GFDEX (based on the fth-generation Mesoscale Model;
The atmospheric circulation of the North Atlantic
o ) "MM5, Grelletal. [1995). The impact of these forc-
region is also strongly in uenced by Greenland. In partic-
) ing products on several diagnostics of ocean circulation,
ular, the location and strength of mesoscale weather sys-
) ) ) hydrography, and sea ice are presented and explained. The
tems in the Denmark Strait and Irminger Sea are largely
) ) ~impact of speci c barrier wind and polar low events are
controlled by the high Greenland ice sheet. “Tip jets,”
o ) ) discussed in detail.
“reverse tip jets,” “barrier winds,” and “polar lows” are

o ) The article is unigue in a number of ways. First, the
characteristic atmospheric ow phenomena near south-

~ocean modelis, to our knowledge, the best-resolved, most-
east Greenland\joore and Renfrew2005. To describe

o ) realistic simulation of the Denmark Strait and Irminger
the role that Greenland plays in distorting atmospheric

_ ) ) Sea circulation to date. Likewise, the high-resolution
ow in these ways, the Greenland Flow Distortion Exper-

) atmospheric model is among the best-resolved simu-
iment (GFDEX) was conducted between 21 February and

lations of the sub-polar North Atlantic circulation yet
10 March 2007 (se®enfrew et al[200§, and the other

. o . . reported. By focussing on the GFDEXx observing period
articles in this volume). Meteorological observationsever

. . there is also an unprecedented opportunity to assess the
made over the Irminger Sea, Denmark Strait, and the

o ) ] ] delity of the high-resolution atmospheric model dur-
Iceland basin with an instrumented aircraft ying out of

) o ing times of intense winter-time high-latitude storms
Ke avik, Iceland. Signi cant effort was made on these

) ) [Renfrew et al.2009. The emphasis here is on quantify-
ights to observe the sea-level atmospheric state during

. ] ] . ) ing the effect of this small-scale, short-period weather on
periods of intense air/sea interaction.
the oceanic state.
Near Cape Farewell (the southern tip of Greenland), The layout of the paper is straightforward: The ocean
the mesoscale atmospheric ow is known to have a subnhd atmosphere models, and the numerical experiments,
stantial impact on the ocean circulatioRi¢kart etal. are described in sectiah the results are presented and

2009 and hydrographyVage et al.2009. Less is known discussed in sectiad and the concluding discussion is in
about the impact of strong atmospheric forcing on th@ctions.

ocean in the northern Irminger Sea and Denmark Strait,

however. In this contribution we explore the question B pethods

detail. The aim is to document the in uence of high-

resolution, high-frequency meteorological forcing on thze'1 High-Resolution Ocean Circulation Model
ocean in this region during the GFDEx eld campaignhe numerical ocean circulation model used here is
The approach is to force a 2 km-resolution regional ocelaased on the MITgcmMarshall et al. 1997. The MIT-
model of the Denmark Strait and environs with atmogem is con gured to solve the Boussinesq, incom-

pheric reanalysis data of different types. We use the pojpuessible Navier-Stokes equations in a rotating spheri-

lar National Center for Environmental Prediction (NCER)al coordinate system. The vertical grid uses the
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coordinate pdcroft and Campin 2004, with a nonlin- boundary conditions, and the bottom has a no-slip condi-
ear free surfaceJampin et al.2004, and represents bot-tion with a quadratic drag law using a coef cient of 0.001.

tom bathymetry using variable thickness bottom cells _ ) ) S
The model is con gured in a regional domain with

[Adcroft et al, 1997. Advection of temperature and salin- ) ) )
walls at the open boundaries. (see Figlaethe domain

ity is computed using a third-order direct space-time
spans 60—7N, 43.4-10.2W). The problem of how to

ux-limited scheme while the equation of state is based o ) ) _
handle boundaries in regional models is challenging, and

on Jackett and McDougal[1999's paper. The model ) )
there is no truly satisfactory approach. A coarser ver-

includes the_arge et al[1994 planetary boundary layer
sion of the current model successfully uses open bound-

(PBL) parametrization to capture the effects of unre- -
ary conditions at the edge&da et al, 2009, but early

solved turbulent processes in the ocean. Tdi¢h [1969 _ ) )
tests with the present resolution led to divergence of the

parametrization for viscous dissipation from unresolved ) N
elliptic solver with these conditions. Our use here of a

scales is also applied, which aims to cascade enstro- ) )
telescoping grid, a sponge layer (see below), and walls
phy to the grid-scale by computing a viscosity propor- _ ) )
at the open boundaries has the advantage of being sim-

tional to the horizontal gradient of the relative vorticity ) ) _
ple and robust. We also note that typical trajectories of

Sea ice thermodynamics is represented usingHitéer ] ]

surface Lagrangian particles cross less than half of the
[198Q two-category model, which simulates sea ice con-

domain during the experiments. Most uid is therefore not
centration and thickness elds, and snow is represented

in material contact with the boundaries over this period.
by the Zhang et al.[1999 model. Sea ice dynamics is

The solution structure in the Denmark Strait and northern
represented using the viscous-plagiiang and Rothrock

Irminger Sea - the main region of interest - is probably
[200Q algorithm. We apply the hydrostatic assumption; .

not strongly in uenced by the walls at the open bound-
tests using the nonhydrostatic version of the MITgcm give

aries for these reasons. De nitive evidence must wait for
almost indistinguishable results for the elds shown here.

further experiments with larger domains and larger com-

. . ] _ puting resources, however.
The horizontal grid consists of 540 360 cells in

longitude and latitude with a variable spacing that ranges Initial conditions for temperature and salinity are
from 1.7 km in the center of the domain to 12 km daken from a time average of the hydrographic data at
the edges. There are 97 levels in the vertical which dhe International Council for the Exploration of the Sea
2m thick at the surface and increase to 200m thick ddata-base. The model elds are also relaxed to these data
3300m. There are 58 levels in the upper 1000m awith a timescale of 5 days within a characteristic distance
87 levels in the upper 2000m. The bathymetry is intasf 10 grid points from the open boundaries. The initial
polated from the International Bathymetric Chart of theelocity eld is zero. Forcing of the model by air/sea
Arctic Ocean which covers the Arctic at 2.5 km resolunteraction is achieved by computing uxes using bulk
tion (Jakobsson et g2004; an early con guration of the formulae and estimates of the atmospheric state interpo-
model used ETOPO2 data, but some obvious problelagd to the MITgcm grid. We avoid using the turbulent
were present on the Greenland shelf). The explicit diffusxes computed from the MM5 and NCEP meteorologi-

sivity for heat and salt is zero, the side walls have frep-stial reanalyses themselves because of known de ciencies
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in the surface ux algorithms used in these models (sg2003 show that the regional Denmark Strait model of
Pagowski and Moorg2001 andRenfrew et al[2004 for Kéase and Oschlig00(q “is able to replicate most of the
the MM5 and NCEP models, respectively). Instead, tBalient features of the observed Denmark Strait over ow.”
uxes are computed from the ocean-model state usingrae Kase and Oschlig200q model used a 4-km resolu-
version of theLarge and Pongi1981, 1987 bulk aerody- tion grid, and an ideal con guration that excluded air/sea
namic formulae. A nine-month long spin-up calculatioforcing. The current model, with higher resolution, real-
(starting 1 June 2006) is used to provide initial condstic hydrography, and realistic forcing, therefore likel
tions for the experiments reported below, forced by thepresents Denmark Strait circulation adequately, in par-
6-hourly global NCEP reanalyses. The experiments theticular because our focus is on the impact of different
selves use atmospheric state estimates taken from thaifsea forcing products. More detailed comparison of the
hourly NCEP data and/or a custom high-resolution, housga-surface circulation with observations appears in sec-
reanalysis using the MM5 model that is described in sdmn 3.2 below, but a full assessment of the model realism

tion 2.2 below. is postponed to future work.

A comprehensive assessment of the delity of the g Resolution Meteorological Reanalysis

ocean model compared to observations is beyond the _ S .
The Pennsylvania State University-National Center for

scope of this article. Two issues make the comparison . _
Atmospheric Research fth-generation Mesoscale Model

challenging: First, at scales of O(1-10) km the observa- ) ] . ]
(MM5) version 3.7 is used for the high-resolution

tions are very sparse, and almost non-existent in winter _ . _ .
meteorological simulationggrell et al, 1999. The main

(the time of interest here). At scales of O(100) km the ) ]
features of this MM5 con guration that are relevent

model solutions look realistic, because the ow is con- _ _ _
here are: (1) TheKain and Fritsch[1993, convective

trolled by the density eld, which is realistic by virtue o ) )
parameterization with shallow convective effects, (2) The

of the climatological initial condition. Second, the model _ _ o . _
Goddard microphysics explicit moisture scheme with

solutions are turbulent and chaotic, and agreement within _ - .
graupel/hail as an additional variabléap et al, 1989

instrumental error between the simulation and measure- ) ]
Tao and Simpsqri993, (3) A non-local Medium-Range

ment should not be expected. The dif cult question of _ . _
Forecasts (MRF) PBL scheme including up-gradient

what quali es as suf cient agreement then arises. One ] )
transport of heat and moisture under unstable condi-

approach is to perform data assimilation and directly _ o
tion [Hong and Pan199q, (4) A Dudhia-type radiation

attempt to reconcile the model/data differences within all ) )
cooling scheme including the effects of modeled clouds

the appropriate uncertainties. This approach is under\Na%/, _ ) )
[Zangl 2003, (5) A multi-layer soil model to predict land

but will be reported elsewhere. _
surface temperatures by using the surface energy bud-

Notwithstanding these issues, the model Denmagkt equation Pudhig 1994, and, (6) A polar physics
Strait over ow variability (shown in Fig.12 below; modi cation that includes the effects of sea-ice fraction
see section3.5 is consistent with the shorRoss and surface uxes over sea ic8fomwich et al, 2001,
[1977 mooring-array data and satellite imageBr(ce Cassano et gl200], which has been added to the Eta
[1999, see Fig. 7 in particular). MoreoveKase et al. PBL and MRF PBL schemes in MM5 version 3.7.

Copyright ¢ 2009 Royal Meteorological Society Q. J. R. Meteorol. SoQ0: 1-22 (2009)
Prepared usingjjrms3.cls DOI: 10.1002/qj



The MM5 model is formulated using a staggered hor- GFDEXx dropsonde data were posted rapidly to the
izontal grid with a vertical -coordinate system that isGlobal Telecommunications System during the eld cam-
de ned in terms of pressure. A regional domain is used paign. Therefore these data were included in the data
the simulations reported here. The domain is centeredaasimilation cycles used for the NCEP FNL product, and
67°N, 3C°W longitude with a uniform grid size of 12 kmhence the MM5 hindcasts used here (see Table 1 of
(Fig. 1b), and covers Baf n Island, the Norwegian Sed&enfrew et al[200§). No ight-level data were available
Labrador Sea, and almost all of Greenland. The horizan{ime for operational assimilation, however.
tal grid is 340 320 cells using a polar stereographic
projection. In the vertical, MM5 uses terrain-following A validation of the MM5 and NCEP data against a
coordinates, with the pressure at théevels determined low-level aircraft observations from the GFDex eld cam-
from a reference state that is estimated using the hydpgign has been carried out Benfrew et al[2009. The
static equation and a standard lapse rate. There areobservations used consist of about 150 data points spread

-levels that are unevenly spaced with 10 levels in tlwer 6 days during February and March 2007, with each
lowest 1 km. The surface layer is de ned at an altitud@mparison point derived from a 2-minute mean of ight-
of about 10m. The model top is set at 50 hPa with a radlgvel measurements, thus equivalent to a spatial mean

tive upper boundary condition to minimize the re ectio®ver about 12 km. This is the same spatial scale as the

of internal gravity waves. MM5 grid. The observations were taken 30-50 m above
sea level and adjusted to standard meteorological heights
NCEP nal analyses (FNL) data were usefbrthe comparison. They were made mainly during cold-
to initialize the MM5 model and to provide lat-air outbreaks and moderate to high wind speeds, so are
eral boundary conditions during the simulations (sessociated with strong atmospheric forcing conditioms, i.
http://wwwt.emc.ncep.noaa.gov/gmb/para/parabout.htinigh surface momentum and heat uxes. In general the
for details on FNL data). The 6-hourly°Zesolution MM5 hindcasts compare well to the observations on a
surface and upper-air analysis data are interpolated op&p with other high resolution analyses, and signi cantly
the MM5 model grid. In addition, the 25 km near Reabetter than the coarser resolution NCEP global reanalyses.
Time SSM/I EASE-Grid Daily Global Ice ConcentratioriFor example, the 10-m mean wind speeds were 17.3, 16.3,
and Snow Extent data from the National Snow and lemd 14.2 ms! for the observations, MM5, and NCEP
Data Center and the 6-km Operational Sea Surface Tegtobal products respectively; while the correlation coef-
perature and Sea Ice Analysis sea surface temperatoients (and r.m.s. errors) between the observations and
were used for the lower boundary conditions (OSTIAhe MM5 and NCEP data were 0.83 (2.2 misand 0.62
Stark et al.[2007). The model is re-initialized at 1200(5.0 ms ) respectively. One weakness in the MM5 wind
every day during the GFDEXx period and integrated faxld was a low slope (0.7) in alinear regression against the
36 hours. To allow a model adjustment, we discard theservations. This was caused by occasional underestima-
rst twelve hours of model output for each run and usions of the highest wind speeds (greater than 20%hs
the nal 24 hours of the simulation to force the oceaand also a poor representation of a wake region during

circulation model. the polar low case (discussed in more detail in section
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3.3below). The comparison also found a small warm bias Table I. Numerical Experiments

(1.7°C) in the near-surface air temperature, caused by gxpt. 1 2 3 4 5

similar sized bias in the OSTIA sea-surface temperatufg™PLnamé  run5h  run5i  run5g  runSk  run5l
Wind Forcing MM5 NCEP NCEP MM5  NARR®

input data. This small bias does not signi cantly affectOther Forcing MM5 MM5 NCEP MMB3 NARR®

. *Refers to the directories at the Geophysical Fluid Dynamics
the heat uxes used to force the ocean model, as it af-re(l"_%:boratory supercomputer center; output from the experismare

both air and sea temperatures. The MM5 relative humidftygilable by contacting the rst authdiUsing 6-hourly, not hourly,
MM5 elds (see sectior8.6). °North American Regional

compares rather poorly to the observations; there appears Reanalysis data (see secti®i).

little skill in the model for this variable. Although this &

concern for users of the MM5 model, it is not that impo#—See Fig. 1b for ight tracks, Fig. 8 for ight times,

tant for the latent heat ux forcing elds, as these are %nd Renfrew et al[2004 for more details)Moore et al.

function of speci ¢ humidity which is strongly governeo[zooq present a GFDEX climatology that shows synoptic

conditions resulted in persistent barrier ow throughout
by temperature.

It is worth noting thatRenfrew et al.[2009 con- much of the experimental period.
clude that the NCEP Global reanalyses are “simply too
coarse to adequately resolve the mesoscale ow structudesResults
observed.” They do capture the basic synoptic-scale fea-

We present and discuss the results of the numerical exper-
tures, but neither the details, nor the peak magnitudes, . . i o

iments by focussing on various diagnostics in turn.
are represented, particularly in the surface wind eld (see
Fig. 2 below). Like MM5, the NCEP model also suffers

3.1 Time-Averaged Quantities
from lack of skill for relative humidity.

First, we examine some mean air/sea forcing diagnostics.
2.3 Numerical Experiments Tablell shows 10-m wind components, air/sea heat uxes
Three main numerical experiments are performed to tesid precipitation rate data from the whole experimental
the impact of high-resolution atmospheric forcing eldperiod. The peak wind speed components of the MM5
on the Denmark Strait ocean circulation. The experimeniata (Expt. 1) substantially exceed the NCEP values
are summarised in Table Expt. 1 is forced with the (Expt. 3), by 25-50%. The peak precipitation rate is
12 km, hourly MM5 data. Expt. 3 is forced with thealso ve times higher, although the mean rate is only
2.5° (275 km) resolution, 6-hourly NCEP reanalysis dat80% higher. The mean air/sea heat uxes over the entire
and Expt. 2 is identical to Expt. 1, except the MM®&xperiment - a signi cant cooling - are similar, however;
surface wind estimates are replaced by the equivaldm MM5 data are 6% higher than the NCEP data, most
NCEP data. Two other experiments involving 6-hourlgf which is accounted for by the stronger MM5 winds
MMS5 data and North American Regional Reanalysis daeompare Expts. 2 and 3 in Tablg.
are also briey reported in section3.6 and 3.7. The Tablelll shows corresponding results from the ocean
period of interest starts on 13 February and ends on diitulation model for various global diagnostics. Over
March 2007; the 12 ights during the GFDEx campaigthe whole period of the numerical experiments, the time-
were between 21 February and 10 March of that yemreraged peak currents using the MM5 data (Expt. 1)
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Table Il. Summary of Atmospheric Forcing used in Numericgjeak windspeed in the MM5 data is 28ms(54 knots;
Experiments

Beaufort Force 10, storm) compared to 223 knots;

Diagnostic Expt.1 Expt.2 Expt.3 . .

- Beaufort Force 9, strong gale) in the NCEP data. This
Peak zonal 10-m wind (ms) 40 27 7
Peak meridional 10-m wind (m3) 32 26 26 difference is clear in Figza and b, and the more detailed
Peak precipitation rate (1§ ms 1) 4.0 4.0 0.75

Mean precipitation rate (1ms ') 0.060  0.060  0.046tructure in the MM5 data is striking. The surface air
Mean air/sea heat Uk (Wm 2) 170 164 161

2 The air/sea heat ux includes latent, sensible, shortwawe,
longwave uxes (positive upwards). the lower resolution in the NCEP eld has smoothed

temperature elds are similar in both datasets, although

out the cold tongue of air moving along the core of the
exceed those forced by the NCEP data (Expt. 3) by 20—

) ) barrier wind off east Greenland. The NCEP surface air
30%. The peak vertical current speed is actually reduced

) ) temperature is also signi cantly lower than in MM5. The
(by 20%) in Expt. 1 using the MM5 data, but most of

o ) _ precipitation elds are signi cantly different: The MM5
this difference is not due to the weaker NCEP winds

o ~ data used in Expt. 1 exhibit a pattern with much more
(compare Expts. 2 and 3). The kinetic energy is higher
) ne-scale structure and intense rainfall, mainly along the
in Expt. 1 compared to Expt. 3 (by 35% at peak and 13%
cold front to the south east of the barrier wind. The MM5
in the mean), which is attributable to the 10-m wind eld.
o ) ) ) ~data show a mean precipitation rate that is only 29% larger
Similarly, the (barotropic) potential energy is 14% higher
) o ~ than the NCEP data, but the peak rate is nearly three times
in Expt. 1. The range of sea-surface height is 43% higher
] ) ) _larger at this time.
using the MM5 forcing data, and the (vertical) relative

vorticity range is 20% higher. ) ] )
Figure 3 shows the net air/sea heat ux in each

All of the above-mentioned diagnostics concern the . ) )
experiment, corresponding to the atmospheric forcing

ocean velocity elds directly, or are closely related. Tabl o )
elds in Fig. 2. The large-scale features in these elds are

[l also shows some global results for thermodynamic | ) ) ) o
similar, as are the typical magnitudes. The barrier wind jet

elds, which have much longer intrinsic timescales than ) ) )
over the east Greenland shelf is responsible for substantia

dynamical quantities. For mean temperature and salinity, )
ocean heat loss, with the greatest uxes at the edge of the

there is no difference between the three experiments. . ) ) ) ) i
sea ice (seen as thin stripes in F#). The barrier-wind

There are slight changes in the absolute ranges of these ] ] )
heatloss in Expt. 1 (MM5 forcing) exceeds that in Expts. 2

quantities, but they are also very small. ) ] ]

and 3 (NCEP wind forcing), due to the greater MM5 wind

speed (Fig2a). Experiment 3 has somewhat higher heat
3.2 Barrier Wind Case

loss than Expt. 2, because Expt. 3 uses the colder, dryer
Next, we focus on a particular day, 9 March 2007, whésiCEP data compared to the MM5 data (see Filjs.e).
a strong barrier wind was present in the Denmark Striitthis sense, the too-weak NCEP winds with too-cold air
and the northern Irminger Sea. Fig@rshows the forcing cause biases that compensate in the net air/sea heat ux.
data used in Expts. 1 and 3 on that day. The synoptitthough the NCEP barrier wind is too broad (Fizd),
situation at this time is a southeasterly surface-integtsi the region of high heat loss in Expt. 3 is similar to that in
barrier wind in the Denmark Strait associated with Bxpt. 1 because the cold air is con ned to the coast in the

cyclone over Iceland moving slowly to the north east. TIMCEP data (Fig2e).
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Table Ill. Mean Results of Numerical Experiments

Diagnostic Expt. 1 Expt. 2 Expt. 3
Dynamic variables:

Peak zonal current (m$) 1.9 1.7 1.6

Peak meridional current (m3) 2.0 1.5 15

Peak vertical current (ms) 0.051 0.054 0.061
Peak kinetic energy (Jkd) 2.4 1.9 1.8

Mean kinetic energy (mJkd) 6.0 5.3 5.3

Mean barotropic potential energyJdkg *)? 40 35 35

Sea level range (m) -0.40-0.52 -0.33-0.33 -0.32-0.32
Relative vorticity range¥0 3s 1) -1.8-1.7 -1.2-15 -14-15
Thermodynamic variables:

Mean potential temperaturéQ) 3.56 3.56 3.56
Potential temperature rangdX) -2.63-9.88 -2.43-9.75 -2.41-9.87
Mean salinity 34.93 34.93 34.93
Salinity range 30.84-35.25 30.58-35.25 30.63-35.41

R
&Barotropic potential energy [sog=(2M )] A 2 dA for reference densityo, gravitational acceleratiog, ocean mashl , surface area

A, and sea-surface height anomaly

Table IV summarises some key diagnostics of ttompared to Expt. 3 because Expt. 2 is negligibly different
ocean circulation model from 9 March. The peak oce&om Expt. 3.

current speed is 46% faster overall and 42% faster at

the surface in Expt. 1 (forced with MM5 data). The Figure 4 also shows observations of surface cur-

mean speeds are 20-30% faster. The energy is 30 Elennc}S and sea level for comparison with the model

61% greater (for kinetic and barotropic potential energr)«/e,sults. Sea-surface current data from the OSCAR product

respectively), and the sea level range is 30% greater. L%cr)njean and Lagerlogp003 are shown atleft on Fig.

Expts. 2 and 3 these energy levels are only slightly grea-{grese data are derived from altimetry, scatterometry,

than the average over the entire period of the experimgqufj sea-surface temperature data (in-situ and remotely-

(compare TableBl andlV). The Expt. 1 energy levels aresenSEd)' They are provided in 5-day averages on a 1-

signi cantly higher, however. There are negligible di\ﬁferdegree resolution grid (the data on Fig.are for the

ences between the baroclinic available potential energ?égay period centered on 7 March 2007). Compared to

(which depends on the vertical distribution of the magée model results, the OSCAR data show a similar peak

eld) among the experiments on this day. in surface current distribution, and a similar tail to low
speeds. They are too coarsely-sampled to resolve the tail
The frequency distributions (histograms) of surfade high current speeds, however (the quantisation noise
ocean currents and sea surface height are signi caritiythe OSCAR distribution is visible, for instance). For
different (Figured). The left panel of Figurd shows that this reason, they are not very helpful in evaluating the
current speeds have a long tail (possibly exponential)danean model, although there is no sign of inconsistency.
all three experiments, but the slope is about 30% shallowére altimetric sea-surface heights from AVISO are also
for Expt. 1 forced with MM5 data. Sea-surface height alsthown at right on Figd for 9 March 2007. Expt. 1 matches
shows fatter tails and is more skewed to positive valudgne altimetry observations reasonably well, including two

(Fig. 4, right panel). All these differences are attributablgeaks at about -0.05 m and 0.18 m. The model variabil-

to the stronger, more structured wind forcing in Expt. ity is less than the satellite data, however, particulaoty f
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Table IV. Barrier Wind: Results of Numerical Experimentd&00 on 9 March 2007

Diagnostic Expt. 1 Expt. 2 Expt. 3
Peak current (ms') 1.9 1.3 1.3
Mean current (ms?) 0.042 0.035 0.035
Peak surface current (mb) 1.7 1.2 1.2
Mean surface current (ms) 0.16 0.12 0.12
Kinetic energy (mJkg?) 7.5 5.8 5.8
Barotropic potential energy Okg 1) 58 36 37
Baroclinic potential energy (Jkd)? 0.532 0.532 0.533
Sea level range (m) -0.26-0.34 -0.23-0.24 -0.23-0.23
aBaroclinic potential energy i&g=M) '\A '\OH ( 7)zdz dA for gravitational acceleratiog, ocean mashl , surface ared, ocean

depthH , and density . 7(z) is the density distribution that minimises potential elyerg an adiabatic rearrangement of

sea levels below -0.20 m. The agreement is better with thieectly related to the ambient gyre-scale cyclonic circu-
envelope of AVISO sea-surface heights over the GFDIation (which involves much weaker vorticities). The dif-
period (dashed lines), but differences remain. The soufesznces in horizontal divergence are smaller than for vor-
of this bias is unclear; it could be due to too-weak atmateity, but Expt. 1 has signi cantly greater divergencertha
pheric forcing, even in Expt. 1. Or it could be becaudexpts. 2 and 3. Because Expts. 2 and 3 are indistinguish-
of the sponge layer boundary conditions which damp thble in their diagnostics, these differences are attriflata
model circulation, particularly at low sea levels in th& the more energetic wind eld in Expt. 1.
southern Irminger Sea. In any case, the overall agreement The surface ocean boundary layer thicknesses are
with data, given these caveats, is reasonably good. different between the different model experiments. Fig-
ure 6 shows that the boundary layer (as diagnosed from
the Large et al.[1994 parameterisation) is substantially
deeper in Expt. 3 using NCEP forcing than in Expt. 1.
The frequency distributions of vertical relative vorFor example, there is a large patch south west of Denmark
ticity and horizontal ow divergence also differ betweeistrait where the layer depth exceeds 500 m. In Expts. 1
the experiments, as shown in Flgy.Expt. 1, forced with and 2 the thickness is 100—-200 m in this region, and coher-
MM5 data, has fatter vorticity tails than Expts. 2 and 8nt bands of shallow boundary layer thickness cut across
which differ insigni cantly. The presence of fatter tailghe deep layer. Inspection of the forcing elds (FR).at
is most evident at extremely low and high relative vothis time shows the reasons for these differences. In par-
ticities; Expt. 1 has signi cantly more uid with nega-ticular, the shape of the barrier-wind jet speed (Fizss.
tive absolute vorticity, for example, indicated by the dat§ and the associated rain band (Figs, f) matches the
points to the left of the vertical line in Figh. The asym- southwest-to-northeast-trending stripes in the boundary
metry in the relative vorticity distribution (with cycloni layer thicknesses (Fig). In Expt. 1 the jet is narrow
bias) is interesting, and present at other times, but it d@esl intense, and the peak in precipitation rate is also very
not depend on the atmospheric forcing data used in theserow, elongated, and intense (consistent with observa-
experiments (they all show this feature). The asymmigns, Renfrew et al[2009g). At the jet center off Green-
try is seen in mixed layer current data toBudnick land, the mixed layer is deepest, but to the southeast ank

2007, and is due to O(1) km scale vortices that are ntite jet speed rapidly decreases and the precipitation rate
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rapidly increases. The turbulent kinetic energy source to In contrast, the hydrographic composition of the
the boundary layer therefore drops sharply and reinforagsper ocean represents the accumulated effects of the dia-
the stratifying effect of the rain to sharply decrease thatic air/sea forcing, and the cycling of water through
boundary layer thickness. In Expt. 3 the precipitation ratiee boundary layer. In these diagnostics the differences
is much weaker and less focused, and the barrier winetween the three experiments are much more muted. For
is also much more diffuse. Here, the ocean respondsibstance, the sea-surface salinity elds do not show sig-
forming a boundary layer that is shallow under the broad cant differences at 0300 9 March 2007 associated with
minimum in windspeed to the southwest of Iceland, anlde different boundary layer thicknesses in Fig(not
deep to the northwest of this front. In Expt. 2, which ishown). The organised suppression of deep mixing due
forced with the NCEP wind and the MM5 precipitationo the intense rain in Expt. 1 is not evident in the salinity
rate (Tabld), we see evidence of both these effects: Theredd, because the salinity signals from mesoscale activ-
is a broad stripe of shallow boundary layers associaid and the primary front between warm, salty Irminger
with the minimum in windspeed from the NCEP forcwater and cold, fresh East Greenland shelf water, are much
ing (as in Expt. 3), and there is a narrow band of shalldarger. Moreover, the temperature/salinity diagramstier t
boundary layers from the rain bands in the MM5 forcinthree experiments show signi cant, but relatively minor
(as in Expt. 1). differences, as seen in Figure This diagram is for the
nal day of the experiment when the largest differences

The instantaneous boundary layer depth is sensitigeéwater composition are evident. The mean tempera-
to the instantaneous air/sea forcing, as well as the accutiides and salinities for Expts. 1-3 over the upper 819 m
lated ux history. As seen in Fig5, the MM5 data forces are: (3.18C, 34.74), (3.12C, 34.70), and (3.0, 34.70)
narrow (10-20 km wide) coherent fronts in boundary layggspectively. Again, the differences in these average-prop
thickness that are associated with the barrier wind shogities are small between the experiments. Looking at the
der and associated intense rain bands. Snapshots ofdiB&ibution of water properties in Fig.in detail, we see
boundary-layer thickness elds at other times show sinthat Expt. 3 (NCEP forcing) has more shelf water at salini-
lar features, although the locations and orientations®f tfies less than about 34 than Expt. 1, and Expt. 2 is interme-
boundary-layer fronts vary because the atmospheric frogitate. Expt. 3 also has more water at the freezing point for
typically pass over the domain in just a few hours. Expt.aj| salinities (the freezing line is seen in Fitas the nearly
does not show narrow bands of shallow boundary laygsrizontal lower bound to the water classes nea€)2In
depth, however. The mean boundary layer thicknesses@dftrast, Expt. 1 has greater volumes of water along the
similar among the experiments, but vary on short pegroad line joining (roughly) (-2C, 33.75) and (2C, 35);
ods. For example, at 0300 on 9 March 2007 (the time i@fthis experiment the water mass classes are more tightly
Fig. 6) the values are: 118, 105, and 128 m for Expts. on ned in temperature-salinity space. These ndings are
3, respectively, while 12 hours later the values are: 1@bnsistent with the similar time-averaged thermodynamic
69, and 60 m. These average results reinforce the idea fegtilts in Tablelll and the similar baroclinic potential

the boundary layer responds rapidly and sensitively to #gergies in Tablé. They are not particularly surprising,

local atmospheric conditions.
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given the short duration of the experiments, and the facta deep jet attached to the east Greenland continental
that the net air/sea heat and freshwater uxes are sirgiope at around 730 m depth). Consistent with the higher
lar (Tablell). A longer period is needed for the contrastsurrents in Expt. 1, the kinetic energy is also higher with
in air/sea forcing uxes to accumulate. In other word®M5 wind forcing. The potential energies and the sea
the hydrographic composition of the ocean is relativelgvel ranges are indistinguishable for this case, however.
insensitive over a few weeks to the high-frequency, higgompared to the results for the whole experimental period
resolution atmospheric state, unlike the boundary lay@gablell), the circulation during the polar low is weaker
thickness which re ects the instantaneous mixing intetitan the time-mean value. The histograms of surface
sity. current speed, vertical relative vorticity, and divergenc
all show greater variance in Expt. 1, but the differences
33 PolarLow Case (and the absolute values) are smaller than for the barrier

Another interesting case study during the GFDEX caf¥ind case (not shown). There are negligible differences in

paign occured on 25 February 2007 when a mesosdgdrindary layer thickness between the experiments at 0300

cyclone was present northeast of Iceland (centeredo@t25 February 2007.
about 8W, 6N; Renfrew et al[2009). Peak winds in
this polar low were near 25 m$, based on dropsondes  The impact of the high-resolution, high-frequency
along a ight leg at 68N; surface winds were between M5 forcing elds for the polar low event are much less
and 20 ms?, increasing towards the cyclone center. Thabvious than for the barrier-wind event. Several reasons
ow west of the cyclone (north of Iceland) was northerlyare likely responsible: First, the polar low occurred esrli
As for the barrier wind case, the NCEP data lack nescailethe experimental period than the barrier wind studied in
structure associated with this northerly ow, although the&ection3.2 (12 days from the start, compared to 24 days).
magnitudes of the two surface wind products are sinTiherefore, there is less time for the forcing differences
lar. The MM5 data show ow separation near Liverpodb accumulate in the polar low case. Second, the polar
Land (on the northern side of Scoresbysund at °N)5 low persisted for only about 2 days, whereas the barrier
and weak winds in the lee of Greenland to the south westnd was present for about 5 days. Again, there was
This weak ow over the southeast Greenland shelf is midess opportunity for the MM5 elds to drive differences
ing in the NCEP data which overestimates the windspeém the NCEP-forced experiments. Finally, the polar
and has inadequate resolution to capture orographic sté@s was centered at the north east corner of the ocean
ing of this type (not shown). model domain. Most of the feature was outside the model
TableV shows values of key elds from the polardomain, and the northerly air ow to the south west of the
low case. Expt. 1 (MM5 forcing) shows greater peatentral depression is partly in the ocean model sponge
and mean current speeds than Expts. 2 and 3, which laseer where the ocean model resolution is coarsest. Some
nearly identical. This nding holds for surface speed toof the muted differences in response to the polar low
although the differences are smaller. The peak curremé therefore attributable to the way the ocean model
speed exceeds the surface current speed, as seereXperiments are con gured. Nevertheless, it is reasonably

the barrier wind in TablelV (the fastest ow occurs clear that the ocean circulation near Denmark Strait was
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Table V. Polar Low: Results of Numerical Experiments at 160@5 February 2007

Diagnostic Expt. 1 Expt. 2 Expt. 3
Peak current (ms') 1.4 0.99 0.98

Mean current (ms?) 0.032 0.030 0.030
Peak surface current (ms) 0.73 0.70 0.70

Mean surface current (ms) 0.085 0.081 0.080
Kinetic energy (mJkg?) 4.9 4.7 4.7
Barotropic potential energy Okg 1) 33 32 32
Baroclinic potential energy (Jkd) 0.531 0.531 0.532

Sea level range (M) -0.30-0.20 -0.29-0.21 -0.29-0.21

not signi cantly impacted by the small-scale structure @f sea ice volume and area for about one week in late

this particular polar low. February and early March, however. The cause of this ice
volume increase is an outbreak of frigid air from the Arctic

3.4 Impacton Sea Ice (see Petersen et al[2009). Although the northeasterly

jet through the Denmark Strait is weaker on the 2nd of
In Figure 8 we show timeseries of the sea-ice volume,
) ) March 2007 than during the barrier wind event one week
area, and the average sea-ice thickness for each experi-
later, the air temperature is colder — and hence dryer — by
ment. The start and end times of the twelve GFDEXx ights
10-15 K. Inspection of synoptic sea-level pressure maps
are shown as pairs of vertical lines on the diagram. In
shows that isobars (and thus the geostrophic wind) run
nature, most sea ice off south east Greenland is advected
parallel to the entire length of the Greenland coast from 28
into the region from the north, with very little sea ice
. . ~_February to 2 March 2007. Polar air was passing through
found in deep water. This ux of remotely-formed ice is
o . Fram Strait to reach the Denmark Strait and southeast
missing from our numerical model because of the closed
Greenland at that time. During the barrier wind on 9
northern wall at 70N. The ice formed in the numerical
March, the air originated from the Norwegian Sea and was
model therefore forms locally within the model domain
o _ o therefore signi cantly warmer. This synoptic-scale cold-
within one winter. As remotely-formed ice is excluded by
. ] ) air outbreak is captured by both MM5 and NCEP.
construction, the model underestimates the true ice cover-

age and thickness. Nevertheless, the period of the numeri- The sea ice differences between the experiments are
cal experiments is mainly a time of melting, and the diffeaiso interesting. First, consider Expts. 2 and 3, both fbrce
ences between the three runs are still revealing. The 98aNCEP winds, because this pair isolates the effect of
ice shows sensitive dependence to the atmospheric foraeg-ice thermodynamics only. We see that Expt. 3 has
elds, and to their differences. The ice also responds ¢@eater ice volume, area, and thickness than Expt. 2 at all
windspeed, air temperature, and humidity in subtle wayimes. These differences are due to colder, dryer air over

All three experiments show progressive decreasetime east Greenland coast in the NCEP product compared
ice volume and area during the month-long integratiorns, the MM5 product, and therefore greater ocean heat
with little day-to-day variability. A substantial fractio loss in Expt. 3. The colder air can be seen at 0300 9
of the initial ice is lost overall, with Expt. 2 showingMarch in Fig.2, for example, where NCEP is 10-15 K
the greatest melt (85% volume lost) and Expt. 3 tlwelder than the MM5 data (see also F#). Next, notice

least (46% lost). All three experiments exhibit an increatieat the sea-ice area is almost identical in Expts. 1 and
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2, and both are less than in Expt. 3. In fact, the mapa900 km segment of the Greenland shelf-break follow-
of sea-ice concentration differ in Expts. 1 and 2: Expt.ihg the 550 m depth contour. The shelf-break section is
shows higher concentrations closer to the coast, whershswn in Fig.1a, and the heat and freshwater uxes are
the Expt. 2 sea-ice eld is more diffuse and spread furtheomputed as anomalies relative to a temperature and salin-
offshore (not shown). This difference is attributable tity of 2°C and 34.80, respectively. (Note that although the
the stronger northeasterly MM5 wind in Expt. 1 whiclphysical meaning of the absolute magnitudes of the heat
pushes the ice harder against the coast. The similarityaofd freshwater uxes is ambiguous, because they depend
sea-ice area for Expts. 1 and 2 is therefore coincidentah.these reference values, relative comparisons are reveal
Finally, consider that the Expt. 1 ice volume lies betweémg. To convert the ux numbers here to uxes computed
the other two experiments at all times. This curious fagsing different reference values, offset our numbers with
is harder to explain because both sea-ice dynamics #mel product of the difference in reference values and the
thermodynamics are in play. The stronger MM5 wind arappropriate volume ux.)

the lower NCEP air temperature and humidity both favour ) )
The volume transport timeseries show values uctu-

greater ocean heat loss. Thus, in Expt. 1 we should expect ) )
ating between 5 Sv (1 Sv is10° m®s 1), corresponding

greater heat loss, and ice volume, than in Expt. 2, because
to section-average on-shore currents df cms . The

of the stronger MM5 wind. In Expt. 3 we should expect
time-mean values shown are -0.52, -0.27, and -0.48 for

greater heat loss, and ice volume, than in Expt. 2, because ) o
Expts. 1-3, respectively, indicating weak offshore ow

of the colder, dryer NCEP air. Fi@. con rms both these _ _
on average. The differences in the shelf-break transport

ideas, and shows that the impact of the cold dry NCEP _ _ _
between the experiments are clearly associated with the

air exceeds the impact of the stronger MM5 wind. Other ) ) )
wind. The evidence is that Expts. 2 and 3 are nearly iden-

factors are likely also important, however. The stronger ) ) )
tical for the entire period of the experiments, whereas

MM5 wind also tends to compress the ice against the coast ] ) )
Expt. 1, forced by the high-resolution wind product,

more, for example, where it is somewhat sheltered from _
diverges after a few days. In contrast, the small differ-

the peak frigid wind (see Fi@), and heat loss occurs over ]
ences that exist between Expts. 2 and 3 take about 17 days

a smaller area of more concentrated sea ice. Moreover, _ o o
to emerge on Fig9. Athough the variations are similar,

we see net iceneltduring the experimental period despite ) ]
Expt. 1 (MM5 forcing) has greater volume ux variance

consistent ocean helass Clearly mixing of heat into the
(1.6 Sv compared to 1.4 Sv in Expt. 3).
ice zone, both from offshore and below, dominates the
sea-ice heat budget overall, although the surface heat ux The cross-shelf heat and freshwater uxes show a
plays a vital role in the variations over the experimentaimilar picture. The heat ux exhibits variability of 17 TW
period, and between experiments. around a mean of 66 TW for Expt. 1. Interestingly, the
results from Expts. 2 and 3 are almost indistinguishable
3.5 Volume, Heat, and Freshwater Fluxes in Fig. 9, and are closer to one another than the volume
Next we turn to examine the uxes of key physical quanux series. This result means that there is a compensation
tities in the ocean circulation experiments. FigBhows effect at work for the heat uxes: changes in volume

time-varying uxes of volume, heat, and freshwater acroasx are correlated with changes in temperature so as
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to reduce the variations in heat ux. Nevertheless, theetween the three experiments. This result shows that the
in uence of temperature changes on heat ux variabilitgross-shelf volume ux occurs at speci ¢ places along
is relatively weak, and heat ux changes are mainly drivehe shelf-break, independent of the forcing used. The
by changes in the wind. Consistent with this idea, tlemomalies at the cape near 550 km is a good example
correlations of volume and heat ux variability are 0.469f this phenomenon. Interestingly, the location of the so-
0.49, and 0.48 for Expts. 1-3, respectively (all signi cantcalled East Greenland Spill Jet - a narrow, extremely
For freshwater, the time-average ux for Expt. 1 is intense, cascade identi ed blyickart et al.[2009 near
0.38 0.22 Sv. Again, the wind accounts for the maif5.2N, and shown in Figl0 with a dashed line - is
differences between the experiments (compare Exptndt associated with strong cross-shelf-break volume ux.
with Expts. 2 and 3) and the correlation with the volumgevertheless, the Spill Jet is mainly deeper than 550 m,
ux timeseries are -0.68, -0.74, and -0.68 (all highlgnd is mainly along the depth contours, not across them.
signi cant). These results suggest that heat and freshwal@e detailed upstream origin of this feature will addressed
ux variations are primarily driven by changes in volumelsewhere.
ux, rather than changes in temperature or salinity.
The heat and freshwater uxes seen in the Fig.

Figure10shows how the shelf-break uxes of Fif§. data are consistent with the idea that current changes are
vary with spatial position along the 900 km transegbe main controlling factor, not temperature or salinity
shown in Fig.la. On this diagram, 5 Sv over 100 knvariability. The heat uxes are very similar among all
corresponds to an average current of 9 clndhe results three experiments and show a progressive increase in the
are shown for one particular day, 1500 on 15 Mar@umulative ux downstream. As in Fid, there is a com-
2007, at the end of the experimental period (which jgnsation between velocity and temperature perturbations
shown on Fig.9 with the dashed line). At this time,that reduces the heat ux variability compared to the vol-
the three experiments show signi cant differences withiime ux variability in all three experiments. Compared
150 km of the start of the transect, near the Denmatkthe other experiments, the freshwater ux in Expt. 3
Strait. This region is where the Denmark Strait Over owhows anomalous values near the Denmark Strait due to
Water (DSOW) is spilling into the North Atlantic ocearan over ow surge, like the volume ux. Experiment 1
and variability in DSOW volume ux with periods of 2—shows a greater increase in offshore freshwater ux than
4 days is known to existHruce 1993. This episodic Expt. 2 between 200-900 km, however, unlike the vol-
over ow process is responsible for the differences seame ux. This feature associates with differences in the
in the rst 150 km of the transect along the shelf-breakxpt. 1 salinity eld compared to the other experiments.
(see discussion below on Fifj2 too). In Expt. 3 at this At other times, Expt. 2 freshwater uxes look very sim-
time a strong surge of DSOW is moving south near tliar to Expt. 3 freshwater uxes, as seen in the total ux
intersection of the two transects shown in Fig. (that timeseries shown in Fi@ (not shown).
is, southeast across the shelf-break section and southwest
across the Denmark Strait section). Downstream of this To further explore the connection between the shelf-

location, the cross-shelf volume uxes are well correlatdateak variability and the wind eld, we show in Figuid
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a long transport timeseries, and the associated crassme degree. This result is seen in the volume ux data
shelf-break Ekman transport. The section in this caiserig. 12 as the departure of Expt. 1 from Expts. 2 and 3
follows the 550 m isobath, as for Fi@, but the rst after a few days. The timing of the over ow perturbations
200 km is now removed to avoid the Denmark Strai altered in Expt. 1, but not enough to completely disrupt
over ow variations (see Fig.l). We also only show the coherence of the three timeseries over the experimen-
Expt. 3, because this NCEP-forced calculation is availaliéé period. The strong barrier wind event on 9 March 2007
from 1 June 2006 to 3 April 2007, unlike the otheis not accompanied by any unusual over ow anomalies.
runs. The cross-shelf volume ux from Expt. 3 shows Unlike the shelf-break uxes, the Denmark Strait
little change with season and is consistently negatireat and freshwater uxes do not show a strong correlation
(offshore). The period of numerical experiments, centereith the volume ux time series (for example, the heat
on the GFDEx campaign, is typical of the whole 1Gand volume ux correlation coef cients are: 0.26, 0.18,
month record. The Ekman ux, computed from the modehd 0.13 - none very signi cant - for Expts. 1, 2, and 3,
windstress, is also shown. One might expect the Ekmaspectively). The Expt. 2 and 3 results are very close to
transport to be correlated with the model volume uxeach other, compared to Expt. 1, however, which means
but this is not true. The Ekman ux shows signi canthat the wind forcing is responsible for the differences
seasonality, with greater variance in winter, as expettedetween the experiments. These two results imply that the
is also consistently positive (onshore; note the Ekman M5 wind eld impacts the velocity, temperature, and
is offset on Fig11), re ecting the prevailing northeasterlysalinity elds so as to perturb the Denmark Strait volume,
winds over the Denmark Strait and the northern Irmingkeat, and freshwater uxes. The other MM5 forcing elds
Sea. Both of these facts contradict the volume ux froinave very little impact on these Denmark Strait uxes,
Expt. 3. Hence, there is no simple relation between thewever.
wind eld and the shelf-break transport, even though
the differences between Expts. 1-3 seen in Bigre 3.6 Impact of High-Frequency Forcing
attributable to the wind forcing. Next, we ask if the differences due to the high-resolution,
high-frequency MM5 forcing, compared to the NCEP
Finally, we show in Figurd 2 timeseries of the uxes forcing, arise from the high spatial or temporal resolution
leaving the Denmark Strait (see Fitg for the transectin MM5. To address this question we perform another
location). Unsurprisingly, the volume ux is always negexperiment (Expt. 4). This calculation is identical to
ative in each experiment, indicating consistent equat@&xpt. 1, except that the MM5 forcing is provided at 6-
ward ow. Out ow variations on a timescale of 3—4 day$ourly intervals, like the NCEP forcing, not hourly. We
are clearly evident in each experiment, consistent willo not present full results for Expt. 4 because it is so
breakup of the incipient over ow into cyclonic bolusesimilar to Expt. 1. For example, the peak currents at the
which are visible as cold core rings in sea-surface temptime of the barrier wind discussed in sectir2 (1500
ature imagery Bruce 1995. Although the periodic for- 9 March) are just 1% different, and the kinetic energy
mation of over ow boluses is clearly an intrinsic dynamiis just 1% larger in Expt. 1 compared to Expt. 4 (recall

cal process in the ocean, the wind forcing is in uential tilom TablelV that Expt. 3 has 30% lower kinetic energy
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than Expt. 1). In the diagnostics shown on Figsand the peak windspeeds for MM5, NCEP, and NARR are 28,
5, Expt. 4 is essentially indistinguishable from Expt. 22, and 21 ms!, respectively, for instance.
There are some differences between the experiments in From these results, we conclude that the NARR elds
the ux timeseries (Figs9 and 12), but only in the last are very similar to the NCEP elds in forcing Denmark
few days of the integrations. As the processes controlli8grait ocean circulation, despite being resolved eight$im
shelf-break exchange and ow through Denmark Straiktter. The implication is that processes resolved by MM5
involve internal oceanic instabilities, it is unsurpriginat 12 km resolution, but missing from NARR data at 32 km
to eventually observe divergence of the experimentsrisolution, are responsible for the MM5 versus NCEP
this way. It is clear that the differences seen betwedifferences.
the MM5 and the NCEP-forced experiments are almost
entirely due to the higher spatial resolution in the MME Summary and Discussion
product, however, and not the higher temporal resolution.
The purpose of this article is to explore and quantify

3.7 North American Regional Reanalysis Forcing  {he impact of high-resolution, high-frequency air/seafor
Finally, we further explore the impact of spatial resolung on the ocean circulation in the vicinity of Denmark
tion in atmospheric forcing on the ocean model. In thitrait. The widely-used NCEP 6-hourly, 2-Eesolution
respect, the North American Regional Reanalysis (NARBIpbal reanalysis product is compared to a custom regional
is a useful product. This dataset has 32 km horizontal regmospheric reanalysis using MM5 with hourly output
olution and covers the period October 1978 to presentd 1/10 resolution. Our experiments are performed in a
with three-hourly outputN§lesinger et al.2004. It only 2 km-resolution regional ocean model with closed bound-
extends over part of the western North Atlantic and easties. There is no evidence that the results are compro-
ern North Paci c oceans, however. It covers 88% of oumised by the closed domain, and preliminary compari-
ocean model domain, with missing data northeast of Ig®n with observations is encouraging (for example, sea-
land, away from the area of greatest interest. level; Fig.4). Indeed, important differences are revealed

Experimant 5 uses NARR forcing with interpolatiolpy the the month-long winter simulations of ocean cur-
to NCEP values for the small region of missing data. Fuints, hydrography, and sea ice forced by these meteoro-
results are not shown because the NARR-forced expdegical data.
ment is very close to Expt. 3, forced by NCEP data. For The model ocean circulation is sensitive to the dif-
example, the Expt. 5 surface current speed and sea-surfacence between the MM5 and NCEP products in several
height distributions overlie those of Expts. 2 and 3 (napper-ocean diagnostics. This difference between MM5
shown). The results for surface relative vorticity and diveand NCEP output is seen most obviously in the greater
gence are also indistinguishable from the NCEP-forcedensity and small-scale variability in the MM5 wind
case. Compared to NCEP, the NARR elds show highdata (Fig.2). The surface air temperature, humidity, and
resolution features in windspeed, surface air temperatyeecipitation elds are also signi cantly different. The
and relative humidity, but they lack the intensities seenriesponse of the ocean model to the MM5 wind eld

the MM5 data. At 0300 9 March 2007 (the time of F&), is to increase current speed, kinetic energy, sea-surface
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height variability, and surface-ocean vorticity vari@ilyil cold-air outbreak at the start of March 2007. Second, the
This more vigorous circulation is clear in the time-averagee volume declines overall, despite the persistent oceani
results (sectioR.1, Tablelll) and the instantaneous eldsheat loss, indicating the importance of ocean mixing to the
during the strong barrier wind event of 9 March 2003ea-ice heat budget.
(section 3.2, Table IV, Figs. 4 and 5). Similar results
apply during the polar low of 25 February 2007, but As for seaice, the ocean uxes across the east Green-
with less striking differences (sectio®3). The upper- land shelf break and through the Denmark Strait respond
ocean boundary-layer thickness — re ecting the intensity the different forcing products in complex ways (sec-
of near-surface turbulent mixing — also shows a big difon 3.5). For example, the more-intense MM5 wind drives
ference between MM5 and NCEP forcing (F&). Here, greater variability in volume, heat, and freshwater uxes
the effects of wind-generated turbulent mixing and straéicross the shelf break, but the other forcing elds have
fying surface rain compete to control the boundary layéegligible impact (Fig9). Moreover, volume- ux changes
and the NCEP forcing drives deeper layers because @eount for most of the heat and freshwater ux vari-
NCEP precipitation is much weaker and more diffuse thahility. Although the wind eld in uences the shelf-break
MM5's. volume ux, there is no simple relation with the Ekman

transport (Figll). At Denmark Strait, the high-resolution

The thermodynamic response of the ocean model

wind eld also impacts the uxes of volume, heat, and
to the different forcing products is more muted. The

freshwater (Fig.12). As for the shelf-break section, the
surface water-mass structure of the ocean model responds

Denmark Strait transports are mainly controlled by inter-
to the different forcing elds (Fig.7), but the impact is

nal ocean dynamics, however. The wind eld can cause
relatively modest because the net air/sea heat uxes are

phase changes, and affect the variability, but the mean
similar (Tablelll, Fig. 3), and the experiments only last

uxes over one month are insensitive to the resolution of
for one month. There is negligible impact of the high-

the atmospheric forcing in these experiments.
resolution MM5 forcing on average temperature, salinity,

or baroclinic potential energy (Tablés andlV). _ _ _
These ndings show that the high-resolution MM5

The response of the sea ice in the ocean mogebduct has a substantial impact on upper ocean circula-
depends on both mechanical and thermodynamic forcitign on timescales of O(1) week. Comparison of NARR
Both the intense MM5 wind and the low NCEP aiand NCEP-forced experiments suggests that atmospheric
temperature and humidity promote large ocean heat Issales resolved at 12 km resolution by MM5, but absent
(section3.4). Consistently, the MM5-forced experimenfrom NARR data at 32 km resolution, are responsible for
has similar, but lower, sea-ice volume compared to thles impact (sectior3.7). The high temporal-resolution
NCEP-forced experiment (Fi§). The sea-ice results alsqhourly for MM5, 6-hourly for NCEP) is much less impor-
point to two other issues that are common to both tkent (section3.6). The main contribution of this article
MM5 and NCEP forced experiments. First, the synoptits to describe and quantify this impact. Clearly, ocean
scale atmospheric conditions have an important impacipdellers should be aware of these effects when they

as shown clearly by the increase in ice-volume during thleoose to force their models with atmospheric products
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like the NCEP output used here. Unfortunately, O(10) km- The GFDEx campaign, and the availability of the
resolution meteorological reanalyses are not availabke dmigh-resolution MM5 reanalysis, offered an exceptional
routine basis for the global ocean for the last few decadepportunity to study the impact on the ocean of small-
scale, intense atmospheric forcing over the Denmark
Another important conclusion emerges from thistrait. The question of how to extend the present results
study: physical consistency of the atmospheric forg longer periods, other regions, and coarser ocean model
ing elds is critical for accurate ocean simulation. Theesolution naturally arises. On this topic, we can only
results demonstrate this in two ways. First, it is key &peculate at this time. Over longer periods, the difference
use the atmospheric state (10-m windspeed, surfacejgikir/sea buoyancy forcing will accumulate and cause
properties, and radiative uxes), rather than the air/seBanges in the hydrographic structure of the ocean model.
uxes computed from the meteorological analysis, tPhe 6% difference in mean air/sea heat ux between
force the ocean model. This nding has been reportgkpts. 1 and 3 in Tabl#l will take several years to drive
before Pagowski and Moor€001, Renfrew et al.2003,  large hydrographic changes, however, assuming that the
because of biases in the air/sea ux algorithms usedgdresent results can simply be extrapolated. Other regions,
atmospheric reanalysis models. But RBgshows how the such as deep-convection sites, will be more sensitive to
ocean/sea-ice model controls the net air/sea uxes, partigis effect (note that the intermittent deep-convectide si
ularly near the ice edge. Physical inconsistencies betw@erhe southern Irminger Se®ickart et al, 2003 is not
the position of the ice edge in the reanalysis model comell represented in our ocean model, because of the
pared to the ocean model will therefore cause large errqigarby boundary). The broader-scale impact of the lateral
if the ocean model is forced with the reanalysis air/sag differences across the shelf break and through Den-
uxes. Second, Fig.6 shows how the ocean boundarynark Strait (Figs9, 12) are also unclear because longer
layer thickness is affected by wind-induced mecharixperiments are needed. The fact that the atmospheric
cal mixing and rain-induced buoyancy forcing. Physicgdrcing is only an indirect factor controlling these uxes,
inconsistency between the wind eld and the precipitatiaind the net differences are quite small, suggests that long
eld (as in Expt. 2) thus leads to large bias in the boundageériods might be needed for signi cant impact to accu-
layer thickness (Figeb). Although using multiple sourcesmulate. For other regions, the present results probably
for the atmospheric forcing elds is tempting - for examprovide an upper limit on the differences to be expected.
ple, by replacing the NCEP surface wind eld with @he reason is that the GFDEXx targeted intense, small-scale
scatterometric wind product - the resulting physical incoatmospheric conditions, that are inevitably missing from
sistency may lead to large errors, as in Expt. 2. Of courg@arse-resolution products like the NCEP global reanaly-
there exists some inconsistency in the present experimeiiésdata. For coarser-resolution ocean models, the impact
because the ocean and atmosphere models are uncoupfa#le high-resolution atmospheric forcing will decline as
Quantifying this effect is left to future work, although# i the ocean model resolution becomes coarser and smears
probably minor compared to the MM5/NCEP differencesut the energetic O(10) km-scale forcing features. Of

as the ocean model resolves the large-scale sea-surigfise, the impact of degraded resolution on the internal

temperature eld accurately.
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ocean dynamics will also be profound, particularly wheh Bonjean and G. S. E. Lagerloef. Diagnostic model and
the internal deformation radius is no longer resolved. analysis of the surface currents in the tropical Pacic
Ocean.J. Phys. Oceanogr32:2938-2954, 2002.
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Figure 1. (a) Ocean circulation model domain, bathymetm)(kand transects used to compute uxes in Figsl0. The shelf-break

transect follows the 550 m depth contour, and the DenmaitStection is at the location of the OVERFLOW-73 mooringagr(the

Denmark Strait South (DSS) sectioRpss[1977); small circles are separated by 100 km. (b) Model domairthef high-resolution
regional atmospheric circulation model (MM5) showing arigghy (km) and the ight tracks of the GFDEXx campaign.
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Figure 2. Forcing elds for the ocean circulation model a00®n 9 March 2007. The top row shows MM5 data (Expt. 1) and tion
row shows NCEP data (Expt. 3). (a, d) 10-m windspeed (Ms(b, ) surface air temperature (K), and (c, f) surface ipietion rate
(ms 1).
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Figure 3. Net air/sea heat uxes (Wrf; positive upwards) at 0300 9 March 2007 corresponding tatimspheric forcing elds shown
in Fig. 2.
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Figure 6. Oceanic boundary layer thickness (m) at 0300 on@ivi2007. a) Expt. 1, b) Expt. 2, c) Expt 3.
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Figure 7. Temperature/salinity histograms for 0300 on 14did2007 for the upper 819 min a) Expt. 1, b) Expt. 2, and c) Bxpt
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dashed line shows the location of the East Greenland Sp{lPdekart et al.2005. See caption to Figd for more details.
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Figure 11. Timeseries of net shelf-break uxes across tapsect shown in Figl which follows the 550 m depth contour for 700 km,

starting 200 km south of the Denmark Strait. Results fromtE&mre shown and the Ekman ux computed from the stress oivihe

on the ocean (offset by 4 Sv). Positive uxes indicate onsttcainsport. The timeseries are ltered with a running meaer @ period of
1 day.
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5 polar low : cold-air outbreak‘ barrier wind :
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Figure 12. Timeseries of net uxes across the Denmark Stiaiisect shown in Fidl. See caption to Fig? for more details.

Copyright ¢ 2009 Royal Meteorological Society

Prepared usingjjrms3.cls

Q. J. R. Meteorol. So@0: 1-22 (2009)
DOI: 10.1002/qj



	1 Introduction
	2 Methods
	2.1 High-Resolution Ocean Circulation Model
	2.2 High-Resolution Meteorological Reanalysis
	2.3 Numerical Experiments

	3 Results
	3.1 Time-Averaged Quantities
	3.2 Barrier Wind Case
	3.3 Polar Low Case
	3.4 Impact on Sea Ice
	3.5 Volume, Heat, and Freshwater Fluxes
	3.6 Impact of High-Frequency Forcing
	3.7 North American Regional Reanalysis Forcing


