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The relative contribution of resolved and parameterized surface drag towards balancing
the atmospheric angular momentum ux convergence (AMFC), and their sensitivity to
horizontal resolution and parameterization, are investigated in an atmospheric model.
This sensitivity can be dif cult to elucidate in free-running climate models, in which the
AMFC varies with changing climatologies and, as a result, the relative contributions
of surface terms balancing the AMFC also vary. While the sensitivity question has
previously been addressed using short-range forecasts, we demonstrate that a nudging
framework is an effective method for constraining the AMFC. The Met Of ce Uni ed
Model is integrated at three horizontal resolutions ranging from 130 km (N96) to 25
km (N512) while relaxing the model's wind and temperature elds towards the ERA-
interim reanalysis within the altitude regions of maximum AMFC. This method is
validated against short range forecasts and good agreement is found. These experiments
are then used to assess the delity of the exchange between parameterized and resolved
orographic torques with changes in horizontal resolution. Although the parameterized
orographic torque reduces substantially with increasing horizontal resolution, there is
little change in resolved orographic torque over 20N to 50N. The tendencies produced
by the nudging routine indicate that the additional drag at lower horizontal resolution is
excessive. When parameterized orographic blocking is removed at the coarsest of these
resolutions, there is a lack of compensation, and even compensation of the opposite
sense, by the boundary layer and resolved torques which is particularly pronounced
over 20N to 50N. This study demonstrates that there is strong sensitivity in the
behaviour of the resolved and parameterized surface drag over this region.

Key Words: Orographic drag parameterization, angular momentum budget, model resolution, systematic errors,
momentum ux, climate model, surface drag

Received ...

1. Introduction as an important mechanism for momentum exchange between
the surface and upper atmosphefi@ixeira 2014. One such
In general, most of what we have con dence in about the climaféanifestation of this exchange is the role that breaking orographic
response to increased greenhouse gases is understood thré{@jfity waves have on sudden stratospheric warmings and the
thermodynamic arguments and we are left in disagreemef@l breakup of the stratospheric polar vorteM¢Landresset al.
over the sensitivity of the atmospheric circulation to climaté013. Additionally, when air is not able to ascend topography,
change $hepherd2014. The factors at play are numerous butt is forced laterally and non-linear behaviour ensues, acting to
examination into the way in which modelling centres close theecelerate the low level ow. Large scale topography also acts as a
momentum budgets may allow us to attribute some of theseurce of planetary Rossby waves, generating vorticity anomalies
dynamical uncertainties to particular processes. One such prog#sgto lifting and vortex stretching or de ection of air from regions
that plays a substantial role in the atmospheric momentum budgéthigh vorticity to low vorticity Smith 1979. In particular,
and varies not only between models but also model resolutithe tilt in the upper tropospheric jet is produced by southward
is the drag due to orography. This drag arises due to tHe ection of the westerly ow incident on the Rocky Mountains
complex interaction of mountains with the uid atmosphere. FdBrayshawet al. 2009. It is clear that the zonal and hemispheric
example, the vertical displacement of air generates gravity wawbsiamical asymmetries that we see throughout the atmosphere
that can propagate considerable distances in the vertical, acting shaped by the distribution of orography and without accurate
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2 A. van Niekerk

representation of these processes and their role in the momenAadditionally, Vosper(2015 showed that a well tuned orographic
budget within models, we are unlikely to produce accurate addag parameterization scheme within an NWP resolution model
robust projections of circulation sensitivity to climate change. can reproduce explicitly resolved drag from higher resolution
Modelling the in uence of orography on the climate systersimulations with a good degree of accuracy. In contr@sbwn
becomes problematic when we are not able to resolve #9049 investigated the resolution dependence of parameterized
full orographic spectrum, as we strive for ef ciency and battland resolved orographic torques in the ECMWEF IFS of the time
with computational expense. To atone for this loss of thand found thatthe decrease in the parameterized orographic torque
smaller scales, parameterizations of the sub-grid scale proces##s increased resolution was not compensated by an increase in
are introduced. Their bene ts to numerical weather predictimesolved torque. In fact, the resolved torque changed very little
and climate modelling were rst recognised Balmeret al. with increasing resolution in certain regions. This leads one to
(1986, McFarlane(1987 and Miller et al. (1989, who found question the ability of models to maintain an equivalent total
that excessive westerly wind biases can be alleviated throwghface torque across a wide range of resolutions, particularly
the addition of a linearly approximated gravity wave draglimate model resolutions.
parameterization. It then became apparent that these sub-grifhe attribution of systematic errors can be especially dif cult
scale mountain effects went beyond linear gravity wave generationclimate models compared to numerical weather prediction,
and the addition of a sub-grid scale orographic blockingince we do not have the daily assimilation of data with which to
parameterization, which accounts for the non-linear regimes \alidate the models directly. Comparison of global climate models
ow around orography, led to immense improvements in forecaat different resolutions becomes computationally expensive and
scores l(ott and Miller 1997 Scinocca and McFarlan200Q problematic when we must produce long time integrations in order
Websteret al. 2003. to determine model climatology. Even if we are able to compare
There are now three orographic effects that are common@ing time integrations, the feedbacks that act in response to model
parameterized in global circulation models: the sub-grid scaterors mean that our parameterizations are fed with unrealistic
orographic blocking; gravity wave propagation, which may alsgimatological states, making it dif cult to disentangle model
include an element of drag due to low-level wave breakirgjases Phillips et al. 2004). Although we may be able to reduce
(Scinocca and McFarlan2000; and turbulent orographic form model error at all resolutions as a result of the seamless modelling
drag. The rst two processes account for scales up to the grispproach iartin et al. 2010, the errors at lower resolutions
scale and the turbulent drag accounts for scales at which gravitgy remain large and undetected, leading us into a false sense
wave generation becomes impossible, which is taken to be upofasecurity about the quality of our models at lower resolutions.
approximately 5SkmBeljaarset al. 2004). However, the separation More fundamentally, the model biases addressed in numerical
of drag into these components has led to ambiguity in the sigeather prediction, such as mean sea level pressure, may not be as
of their respective contributions in the momentum budget. Asiportant for climate projections where stratospheric wind biases
well as the uncertainty introduced by the various orographitay an important role§igmond and Scinocc2010.
processes, different options for parameterization formulation addThe drift in short range forecasts has been used in previous
another level of complexity. For example, the turbulent orograptstudies to evaluate model erroKlinker and Sardeshmukh
form drag can be modelled using an effective roughness lend®®92 Pope and Stratto2002 Brown 2004): since the model
for momentum YWood and Masorl993 or through an explicit is constrained by initial conditions from observations, this
orographic stress prole Wood et al. 200% Beljaars et al. technique is useful for resolution and parameter sensitivity
2004. The WGNE drag inter-comparison project, which aimstudies. However, performing such analysis can be dif cult
to better understand the way in which modelling centres closéthout access to operational infrastructure. A more accessible
their momentum budgets, found that the boundary layer stressans of eliminating model feedbacks and constraining the model
and low-level orographic blocking parameterizations are oftetimatology is to relax the dynamic and thermodynamic variables
used interchangeably édraet al. 2013. The seemingly arbitrary towards analysis or reanalysis. Relaxation has been a popular
choices of parameters made in parameterization schemes alioethod of diagnosing the in uence of certain regions and their
for model tuning so that models with lower orographic blockintgleconnections Jung 2011, Hoskins et al. 2012, as well as
tended to have higher boundary layer drag, which includesing widely used in the chemistry and aerosol community as
the turbulent orographic form drag parameterization. Since taemethod of reproducing the observed meteorological state of
boundary layer and orographic drag act on different scalde atmospherevan Aalstet al. 2005 Shepherdet al. 2014).
and respond to stability in opposite ways, and the bound&®pectral nudging has also been used in regional climate modelling
layer parameterization has an impact on the energy buddetaddress the problem of lateral boundary condition resolution
this compensation of one for the other may be unphysicahis-match, in which only the large scale elds within the RCM
What is more, with the growing ethos of seamless atmosphesi®@ nudged towards the driving GCMVéldronet al. 1996 von
prediction, in which parameterization schemes are expectedStorchet al. 2000. This paper seeks to investigate the sensitivity
perform well at all resolutions without changing their physics, thef surface torques to model resolution and parameterization using
exchange between parameterized and resolved orographic dhegnudging approach, in the hope that this will motivate further
with increasing resolution may be precarious. sensitivity studies and inter-model comparisons employing this
Several studies have assessed the accuracy of orographic drathod.
parameterization schemes over limited area domains using higfThe structure of this paper is as follows. Sect®describes
resolution simulationsWells et al. 2011, Kim and Doyle2005. the model setup, nudging sensitivity experiments, analysis and
Carissimeet al. (1988, Clark and Miller(1991) and subsequently veri cations against short range forecasts. The exchange between
Smith et al. (2006 looked at the resolution sensitivity ofparameterized and resolved orographic torques with changes in
orographic drag over the Alpine regions and found that an increassolution is discussed in sectiBnThe impact of orographic drag
in resolution did lead to an increase in resolved orographic dragn model bias is discussed in sectidnSection5 looks at the
This is consistent with the notion that an increase in resoluti@ompensation that occurs between the parameterized orographic
leads to an increase in the height and slope of the Alpine barri@rque, the boundary layer torque and resolved orographic torque
which, in accordance with orographic drag theory, would leaghen blocking is switched off. Finally, conclusions are drawn in
to non-linear, high drag ow regimesN@ppo2002 Stein1992. section6.
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Figure 1. Time-series of the zonal mean zonal wind at 850hPa averaged betwelra8@ 50 N over late 1997 and early 1998 for (a) experiments of varying nudging
heights and smoothing over model levels initialised from different start dates (see s28jid() different nudging timescales Y and (c) resolutions N96, N216 and

N512. In (a)Sharp , Smooth andHigh indicate experiments with smoothing over 2 model levels starting at model level 20, smoothing over 10 model levels starting at
model level 20 and smoothing over 10 model levels starting at model level 30, respectively.

2. Methodology at each resolutionWebsteret al. 2003. As model horizontal
resolution increases, the sub-grid orographic standard deviation
The role of orographic torque in the momentum budget @hd slope reduces across the major mountain regions and, since
the atmosphere is investigated using the Met Ofce Unieghe parameterized orographic blocking and gravity wave drag
Model (MetUM) with the ENDGame dynamical core andyre proportional to these, the parameterized orographic drag is

Global Atmosphere 6 components integrated at resolutions N8@ected to reduce with increasing resolution.
(130 km), N216 (60 km) and N512 (25 km), all of which

have 85 terrain-following vertical levels extending to 85kmp 1. Experimental design

The integrations were set up in an AMIP-style con guration

with prescribed SSTs and sea-ice concentrations and we&te framework of the angular momentum budget is a powerful
initialised from the same NO96 initial elds. Details of thetool for examining the contribution of surface drag to the large
orographic blocking and gravity wave drag parameterizatioggale structure of the circulation. The vertically integrated, zonally
can be found in appendix A ofosper (2015 and are based averaged axial component of the relative angular momentum of
on the blocking scheme dfott and Miller (1997 and gravity the atmospheren = ur cos , in the non-hydrostatic version of
wave saturation scheme oficFarlane(1987). As is desirable the MetUM is given by Daweset al.2009:

in a seamless modelling approach, the physics parameters are h

i h i
held constant across all three resolutions with values chosen @ 21 m dz R

1 @ lmvdz cos

based on the standard climate and global forecast con gurations. 0 = 20

The orographic drag parameterization has three free parameters z@lt rcos Z, @

that are poorly constrained by observations: the critical Froude 2 wrcod dz + fvr cos dz (1)
number (set atFit =4), which determines the amount of 20 20

blocking such that a higher value leads to increased blocking; the @3

mountain wave amplitude (set@t= 0:5); and the ow blocking P [For cos ]

drag coefcient (set atCq =4). The parameterization adjusts

to the model resolution based on statistical aspects of the subwhereu is the zonal wind,v is the meridional wind, is
grid scale orography, such as the standard deviation, slope #mel atmospheric densityy is the surface elevatiomp is the
anisotropy, that are recalculated from a 1km resolution datasetface pressure, is the height dependent radius of the Earth,
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4 A. van Niekerk

is latitude, is the rate of rotation of the Earth,is the Coriolis performed over the January 1998 period. It is worth mentioning
parameter,Fo is the stress from the parameterized processtst the model wind does not have the exact same amplitude as
and square brackets indicate a zonal average. The terms ontlieeERA-interim wind due to the fact that the model has slightly
right hand side of the momentum equation are, from left wifferent topography over this region and, as a result, different
right: the angular momentum ux convergence (AMFC), whiclpressure levels near the surface. Overall, the low level winds
represents the angular momentum being advected into and ouaref less sensitive to initial conditions, nudging parameters and
a particular latitude band; the torque due to the non-hydrostatigdging height over the Southern Hemisphere (SH) mid-latitudes
component of the absolute angular momentum; the torque dimnpared with the Northern Hemisphere (NH) mid-latitudes (not
to the Coriolis force; the resolved mountain torque (RES$hown) but, as will be shown in the sections to follow, the nal
and the parameterized sub-grid scale surface torques. Sincentheéging parameters chosen give well constrained low-level winds
non-hydrostatic component and the Coriolis torque terms areen in the NH mid-latitudes relative to ERA-interim.
negligible in the steady state limit, the dominant balance in this
limit is between the surface terms and the AMFC. By constrainif$/dging spin-up sensitivity

the AMFC at each model resolution through nudging, it is possi . . . " o .
9 ging, P bﬁwe spin-up time, initial-condition sensitivity and model drift

to determine the contributions of the resolved and indiViduwere tested by initialising from ve different start dates of the
parameterized surface terms towards balancing the AMFC. y 97t i i
same free-running model. Figutashows time series of the zonal

The model'su, v andT (temperature) elds are relaxed towards .
the ERA-interim reanalysis variableBéeet al. 2011) on terrain- mean zonal wind at 850hPa averaged between 30N and 50N for

following model levels within the altitude regions of maXimunfc;(IIF:)?/\r/Iirr?;r;ttsar\tlvggtggfetfemlr;?i?Ig?epF;reon:EZrmllgggS((ald ;rec;nrw ;23 4
AMFC (Hartmanr2007), above 700hPa, while allowing the low months spin up); 1t of September 1997 (4 months spin up): 7th

level ow to evolve freely. Nudging on terrain-following model . )
levels means that the nudging will be applied at higher altitudOfs September 1997 (3 months and 3 weeks spin up); and nally

L ; -The 14th of September 1997 (3 months and 2 weeks spin up). For
?;2;;:8?;%% fl—rrﬁrglli‘g?(;negt ;ls Zaopop;)'?d through a Newmm%%arly all cases, the surface winds responded quite rapidly to the

nudging and were very similar to the ERA-interim winds within
about 4 days of initialisation. What is more, the longer spin-up
period matched the reanalysis winds even after a year, indicating

where X = (u;v:T), is some relaxation timescale and thdhatthereis little driftin the nudged model.
superscriptn denotes the value at the current time-step. T . . .
subscripts are as follows= denotes that the value is taker}]wlJOIgIng height and smoothing

as the nal variable after nudgingV denotes the variable pg 5 test for imbalances at the nudging boundaries (i.e. regions
before nudging but after the model dynamics and physics; agglectly below the nudging height) the smoothing of the nudging
A denotes the variable from the ERA-interim reanalysis. Thger terrain-following model levels was adjusted such that the
reanalysis comes from 6 hourly instantaneous values that h%Yr%ngth of the nudging was linearly increasing with height over
been linearly interpolated to the model time-step. The reanalygigher 10 model levels or 2 model levels, starting at the 20th
data is spatially interpolated from a resolution &0 km (N240) odel level ( 3km or 700hPa). From the vertical structure of
to the respective model resolutions using the recon guratiqfe winds and temperatures (not shown), the 10 level smoothing
package within the MetUM. was indistinguishable from the 2 level smoothing. Figdme
shows the time series of the zonal mean zonal wind at 850hPa
averaged between 30N and 50N for the experiments with 10

- . . level smoothing $mooth), and 2 level smoothingSharp) with
If a systematic bias were present in the MetUM relative to th ifferent initial conditions. The 10 level smoothing and 2 level

reanalysis, this would require a non-zero time mean zonal mean . PR .
- . N smoothing are almost indistinguishable. What is more, they are
nudging to be applied within the free atmosphere. In accordar}ﬁe

with the downward control principleHayneset al. 1991), this Sensitive to initial conditions and follow the ERA-interim winds

. . - - . ? well. The 10 level smoothing was chosen due to the fact that
nudging could induce a meridional circulation extending to tl

. . ﬁe nudging terms were strong at the boundary of the 2 layer
surfape below the nudgeql region a'.“d' since the strength O.f oothing and any sudden discontinuities that may cause spurious
nudging would change with resolution and parameter settln%

the induced circulati d ; d al h balances in the model are to be avoided.
€ induced circulation and surtace ow could aiso change. . impact of nudging outside of the maximum AMFC region
This would imply that different model con gurations may have

different surface ows that are not purely a response to ﬂ%lad the sensitivity of the surface winds to this aspect of the
AMFC alone. Hitchcock and Hayne$2014 showed that the dging was investigated. When applying smoothed nudging

irculation induced f dai f th | ind starting from the 30th model level {km or 400hPa) to full
circuiation induced from hudging of the zonal mean winds a dging at the 40th model level (2km or 200hPa), the surface
temperatures was con ned within the region of nudging. Th

. . . . . 2 inds from ERA-interim were not accurately reproduced. Figure
alleviates concerns of spurious circulations occurring within ttlea shows that the experiments with nudging started at 7km

unnudged region in our experimental setup. %igh) are quite far from those of ERA-interim and show strong
H

t
XP=Xu+—(XA Xu) @

2.2. Nudging sensitivity experiments

Several nudging sensitivity experiments were performed nsitivity to initial conditions, since the three ensemble members

order to determine appropriate parameter choices, such as Ce varying amplitudes and phase. As a result, the nudging

relaxation height, relaxation timescale and spin-up time. Tk)\?as applied from the 20th model level 8km or 700hPa) and

ability of the nudging to constrain the model's low level OW ¢ hoothed up to the 30th model level Tkm or 400hPa); this
through the AMFC was assessed by varying these parameters g, < for the nudging to be at full strength within the maximum
looking at the evolution of the low level zonal winds betwee;g\MFC region

30N and 50N. This region was chosen since it is likely to be the
most problematic area for the low-level ow to be constrained agydging timescale sensitivity

a result of differences in mean orography and parameterized drag

across resolutions. The chosen periods for analysis were Jan(drg relaxation timescale  was varied between 6 hours, 9 hours,
1998 and January 2010, with all nudging sensitivity experimerit® hours and 24 hours. Changing this parameter did not appear to

C 2016 Royal Meteorological Society Prepared usingjjrms4.cls



Sensitivity of resolved and parameterized surface drag 5

have much of an impact on the evolution of the low-level wind 30 Jan 1998
(gure 1b) or the spatial distribution of the nudging tendencie: (a) AMEC

although the =24 experiment drifts further away from the ERA-

interim winds relative to other timescales. A relaxation timesca 20 z;soowed

of 6 hours was chosen to ensure that the model was not a
to drift too far from the reanalysis. The sensitivity experiment
performed on the MetUM bylelford et al. (2007 also suggest

that this is the optimal choice for, given the temporal frequency
of the reanalysis.

BL

2.3. Momentum budget analysis 10

Budget Term (10*¥Nm)
o

In our analysis of the MetUM momentum budget (&9, the 20
tendency approach to closing the momentum budget was tak
which involves adding together all tendencies that contribu
towards the total zonal wind tendency. Since the MetUM uses 90 60 30 0 30 60 90
semi-Lagrangian upwind advection scheniBafantakiset al. Latitude
2007, it can be problematic to calculate the momentum uy
convergence term (rst term on RHS of equatid) in a 30 Jan 2010
way that is consistent with the model numerics. As a resu () AMEC
the tendency due to semi-Lagrangian advection was output 50 —— Resolved
6 hourly instantaneous values on model levels and vertica SS0O
integrated. It was then possible to deduce the angular moment — BL
ux convergence term as a residual, by subtracting the midd
three terms on the RHS of equatibfrom the advection tendency.
The non-hydrostatic and Coriolis terms were calculated of in
from 6 hourly values ofv andv. The resolved mountain torque
term was calculated both online and of ine using various differei
methods including calculating the horizontal pressure gradie
(@p=@ and vertically integrating, which, reassuringly, gave th
same result as the online calculation. A$limang and Weickmann -20
(2008, this term was found to be sensitive to the differencin
scheme used, and a centred difference scheme calculated or -30
allowed us to close the angular momentum budget to within =90 -60 -30 0 30 60 90
negligible amount. Latitude

The For cos term in equationl includes the vertically
integrated tendencies from the following parameterizations: t ©
boundary layer turbulent drag (BL); the sub-grid scale orograpt AMFC
drag (SSO), including gravity wave drag and blocking; th 20 —— Resolved
spectral gravity wave drag (which integrates to zero at ti —— SS0
surface); the convective entrainment of momentum; and t —— BLL
tendencies generated from the nudging routine. All contributio
to theFor cos term were calculated from 6 hourly instantaneou
tendencies from parameterizations on 85 model levels.

Figures2a and 2b show the dominant terms in the angula
momentum budget averaged over January 1998 and Jant

10

-10

Budget Term (10'* Nm)
o

30 Jan 2010 - Forecast

=
o

Budget Term (10*¥Nm)
o

2010 for the three nudged resolution experiments. Each te 10

has been integrated ova0 latitude bands in order to make

the resolutions comparable. The solid lines are the values 20

the N512 experiments and the shading shows the range betw

the three different resolutions. The width of the shaded regic 30

therefore, indicates the extent of change with resolution of tr 90 60 30 0 30 60 90

particular term. The sign of the terms are such that a positi Latitude

(negative) value contributes towards an acceleration (deceleration)

of the atmosphere and a decrease (increase) in the Earflipgre 2. Dominant terms in the relative angular momentum budget (8q.
angular momentum. The magnitude and latitudinal distributfs0eieq e 10lattuce bands and averaged over e () January 1086, )
of the terms match closely those Bfown (2004 and Huang experiments. The solid line indicates the value of the N512 budget term and the
et al. (1999, although they use a different sign convention. Thehading indicates the range of the budget term over the N96, N216 and N512
resolutions used bBrown (2004 are T95, T159, T255 and T511, es0/Htion experiments.

which corresponds to approximately 210, 125, 80 and 40 km,

respectively, making the MetUM N96 and N216 comparable torques and not the parameterized torques, since the sign of the
their T159 and T255. There is disagreement in the sign of tharameterized drag depends only on the sign of the grid-box mean
parameterized and resolved torques between 20N and 30Nwigds. This can be problematic for determining the correct total
was found in their studies, but, unlike them, this is also seenographic torque in these regions, since, theoretically, either term
between 10S and 30S in these experiments. This suggests ¢hat go to any magnitude in the opposite sign and still give the
there are large scale phenomena that impact the resolved pressanee total.

C 2016 Royal Meteorological Society Prepared usingjjrms4.cls



6 A. van Niekerk

The angular momentum balance between the atmosphesdfiown in gure2, as well as in the forecast experiments. Of ine
torque and surface torque is larger in the NH than in the SH doalculations of the blocking component of the SSO torque, when
to both the asymmetry of the land and the fact that in NH wintéiolding static stability, zonal wind and density constant across
there is an enhanced midlatitude jet, which would interact stronglysolution, show a similar resolution sensitivity to that seen in
with the prominent orography in those regions. The torque comittge full model experiments (not shown). This suggests that, while
from the boundary layer drag is the major contributor towardsatic stability and zonal wind changes may play some role, it
balancing the torque coming from the AMFC, since it acts ovés the sub-grid orographic parameters that contribute most to the
both land and ocean. Comparing the two years, there is a shifr@solution sensitivity.
the contributions to the budget between the boundary layer andro further illustrate the exchange between the resolved and
the AMFC over the tropics in the region 0S to 20S. This mgyarameterized torques, scatter plots motivated by gure 3 in
be due to the fact that January 1998 experienced a particulaBhbwn (2004 of the orographic torques at different resolutions
strong El Nfio, which would lead to redistribution of the massave been plotted in gure8 and4 for the nudged experiments.
in the atmosphere and, as a result, have a substantial in uergge left hand column of gures3 and 4 compare the N96
on the angular momentum of both the atmosphere and the s@litameterized orographic torques on thaxis with those of the
Earth Chao1988. It is interesting to note that while both theN216 and N512 resolutions' on tlyeaxis. The right hand column
BL torque and SSO torque are substantially larger over the Nl gures 3 and 4 then compare the N96 resolved orographic
extra-tropics in January 2010 compared with January 1998, #iaeques with those of the N216 and N512 resolutions'. Each
resolved orographic torque is relatively unchanged. This providgsint corresponds to an instantaneous value of the torque at
additional evidence that the resolved torques respond differenglyhourly intervals for the month of January and the colours

to the surface ow than do the SSO or BL torques. indicate thel0 latitude band considered. In most regions of the
o ) NH, the magnitude of the resolved and parameterized torques in
2.4. Veri cation against forecasts the N96 experiments are similar, although there is much larger

As a furth £ verifvi hod of . variability in the resolved torque while the parameterized torque
s a further means of verifying our method of constraining the ¢ 51most constant sign for each latitude band. The dependence

climatology and reducing the variability in the AMFC betwee'af the resolved torque on differential heating and synoptic scale

g)fpelr_lmgntfs of g'gzs\?lt: reso:un_o ns, 3610 S‘T’Ocrt frang:le foreca ssure systems passing over large topography means that there
Initialised from analysis at or the months large variation in the sign of the resolved torque on daily

Or: January .2010f WI:ere perflorrged. (;I'he idea |s_to dcon m th‘m‘nescales. The parameterization schemes, however, assume only
the sensitivity of the resolved and parameterize torques&Qde direction and static stability dependence, which is why this

model resolution is not somehow connected to the nudg frerence in sign between the resolved and parameterized torques

itself. Thzsle fotrecast :xlperr:m_ents v;ere dpelrformle?_ using t_ er certain regions exists. This variability in the resolved torque
same model setup, model physics and model resolutions as V&'f?o explains why there are smaller values of the resolved torques
the nudging experiments. The only difference between them.

S, . . . .
- €M Sihe monthly mean picture, despite the instantaneous magnitude
that the forecasts are run with 70 model levels extending 6? . -

. . . the resolved torques being larger than the SSO torques in some
80km instead of 85 model levels extending to 85km, since the q glarg q

. ) . instances.
former is the standard global forecasting setup. Figirshows

the dominant terms in the angular momentum budget for t eThe. slope of the _scatters n _gurs&;c and 4ac ShOV_V that
. - ere is a decrease in the magnitude of the parameterized torque
forecast experiments performed over January 2010, with t

shading indicating the range over the three model resolutions\’\zlallsh increasing resolution, as would be expected. However,

in gures 2aand2b. Comparing the January 2010 forecast to itS- o> 3bd and 4bd do not show a corresponding increase in
nudgging counterpa{rt thepovergll shape of t)t/1e terms are relativeéla resolved orographic torque and, although some exchange is
' en in the latitude band between 10N to 30N, most of the

similar. There are some differences between the magnitude of the . . . L .
extrema of the AMFC and BL torques, which may arise dufl\;@oomts lie on the one-to-one line. This implies that there is more
differences between ERA-interim and the operational ECM

analysis. However, the important point for our purposes is that t
sensitivity of the different terms to horizontal resolution is veth

similar.

tal orographic torque, resolved plus parameterized, at lower

\:]eesolutions, particularly in the 30N to 50N region.

In the SH, the magnitude of the resolved torque is much larger

an the parameterized torque, a feature that is not evident from
the monthly mean budget plots. Compared to the NH, the SSO

and resolved torques are also much smaller, since there is less
land mass here and, although the torque from the Andes and the

The shape, sign and maxima of the AMFC term does not charfiygtarctic Peninsula are substantial, they become diluted in the
much across the three resolutions in guteAlong with the fact zonal mean. As in the NH, gure3dand4d shows that there is a
that the lower tropospheric winds at all three resolutions adjust@ge-to-one relationship between the resolved torques, indicating
the ERA-interim winds ( gurelc), the similarity in the AMFC @ lack of increased resolved orographic torque with increasing
terms is a further indication that the nudging is constrainirigsolution.

the climatologies at the different resolutions. Since the BL drag Figures5 and 6 show scatter plots of the orographic torques
parameterizes scales smaller than 5km, and we are not resohdhglifferent resolutions, as in gure8 and 4, but now for the
those even at the highest resolution considered, the magnit@dperiments constrained by short range forecasts. The one-to-one
of this term sees little change between the resolutions. Tigdationship between the resolved torque at different resolutions
parameterized SSO torque, however, varies substantially betwisetihie 30N to 60N region is as evident in the forecast experiments
the resolutions, most notably in the 30N to 60N and ON t@s in the nudging experiments, as is the large reduction in the
20N regions, where it drops by more than a quarter betweparameterized torque with increasing resolution. This con rms
the N96 and N512 resolutions. Although there is an increatkt this resolution sensitivity is not an artefact of the nudging and
in the magnitude of the resolved torque to balance that of tlsea genuine property of the model at these resolutions.
decreasing SSO torque in the ON to 20N region, there is verylt is clear from the zonal mean scatter and momentum
little change in the resolved torque relative to the SSO torgbeadget plots that each latitude responds differently to changes
elsewhere. This resolution sensitivity is evident in both yeairs resolution as a result of the circulation or orographic features

3. Sensitivity to model resolution
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Figure 3. Scatter plots of (a),(c) sub-grid scale orographic (SSO) torques and (b),(d) resolved orographic torques for nudged experiments at resolutions N96 vs N216 for
January 2010. Each point corresponds to a 6 hourly instantaneous value and colours indigatddtitide band integrated over.
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Figure 4. As in gure 3 but for resolutions N96 vs N512.
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15 SSO - Jan 2010 mountain massifs respond very differently and particular attention
(@ — West should be paid to the Eastern Hemisphere middle latitudes.
— East
. 10— antarctic 4. Impact on model bias
£
ﬁz 5 Figures8a 8b and8d show the total orographic torque, resolved
S plus parameterized, for the January 1998 and January 2010
E 0 nudged experiments and the January 2010 forecast experiments
E in red. Although the total torque is very similar at most latitudes,
= implying that the model maintains a total orographic torque across
2 5 resolutions in most areas, there are certain regions where the N96
@ experiments have much larger orographic torque than the higher
10 resolutions. The most prominent of these is the 30N to 60N region,
where the N96 resolution has in excess of a quarter more than
15 that of the N512 experiments. This behaviour is seen in both the
920 60 30 0 30 60 90 nudged and the forecast experiments.
Latitude The impact of this additional torque at lower resolutions on the
large scale circulation may be substantial and could lead to large
15 Resolved - Jan 2010 systematic biases in climate models. In order to quantify the drift
(0) —— West that would have occurred in the nudged experiments if this model
10 East were free running the tendencies output by the nudging routine
- = Anfarcic are analysed, which are proportional to the differences between
§ the model and ERA-interim at every time-step. These tendencies
@ 5 have been vertically integrated and represented as a torque in
% gures 8a and 8b in blue, with the shading again indicating
E o /\ the range between the model resolutions. Both years show an
2 overall decrease in the magnitude of the nudging tendencies
o with increasing resolution at most latitudes, as might have been
g 3 expected based on the fact that we are parameterizing less and thus
@ prone to less parameterization error. This monotonic reduction in
10 the nudging tendencies with increasing resolution is consistent
with the climatological biases in the free running version of the
15 MetUM, which are found to reduce in amplitude but remain
90 60 30 0 30 60 90 similar in structure and spatial distribution across resolutions

Latitude (Martinet al.2010.
Figure 7. (a) Sub-grid scale parameterized (SSO) and (b) resolved orographicIn both the 1998 and 2010 nudged experiments, in the 30N to
torques int?gratsd :ver.the Wzsgm ljengfpmer&ESO to :50}0%%10'(& 60N region where this discrepancy in the total orographic torque
encompassing the Americas and Greenland), the Eastern Hemisp 0 . ; . . . . .
180, encompassing Eurasia and Africa) and the Antarctic, averaged over ll%&erSISten_tlly identi ed, the.nUdglng torque is of the OPpos'te sign
January 2010 nudged experiment. The solid line indicates the value of the N3z the additional orographic torque at lower resolutions. There
experiment and the shading indicates the range over the N96, N216 and Npd2y Striking difference in the magnitude of the nudging torque
luti i ts. . . . .
resoitiiion Sxperniments in this region between the Jan 2010 and Jan 1998 experiments,
with the 2010 values being more than double those of 1998.

in that region. Figure7 shows the contribution to the zonalThis is consistent with the fact that the Jan 2010 experiment has

mean SSO and resolved torques integrated over the Easté?f) larger orographic and BL torques, which may be acting to
Hemisphere (from approximately 180 to 350 longitude), irfiecelerate the Ow in excess and,.thus,the nudging ha}s to.respond
Western Hemisphere (from approximately 350 to 180 longitud8}°re strongly. Figurd identi es thIS. model error as being likely
and the Antarctic for the January 2010 nudged experiments. -Icﬂée;o tzgfsso :]oriues over the Himalayas. culated .
integrations are performed over land masses so that the Easae € ”t, |r;ht € (3[.rec|?st. ?xperlm dents dwas Cﬁa culate ‘ZS tte
Hemisphere includes the entire African, Asian, European a ;:zgci 'gf ar? \ljlez;rltﬁoﬁng]nfgraﬁgl ;n dzz‘jgt ze?\\//veer;??herae
Australian continents and the Western Hemisphere includes flie 9 gu q ., =@ o

. L . model and analysis over the 24 hour forecasts. This is shown
Americas and Greenland. As resolution increases, there is Ve e i .
. . . . |n lue in gure 8d and has been multiplied by a factor of four
little change in the resolved torque over the Antarctic Peninsula

hile the SSO t d bstantiallv. Similarly. the S %uce the scale of the drift in the forecast is much smaller than the
while the orque reduces substantially. similarly, the dging. The reason for this amplitude difference comes from the

torque becomes .far less negative with '”Creas'”g resolution OY&t that the forecasts are initialised throughout the entire depth
the Eastern Hemisphere between 30Nto 60N, which encompasseg,e atmosphere, whereas the nudging is applied only in the
the Alps, the Caucasus and the Himalayas, compared to the smglle; aimosphere. Besides their magnitude, there are several other
increase seen in the resolved torque. The Western Hemisphgfrences between the forecast drift and the nudging tendencies,
resolved and SSO torque are of opposite sign and do not chaggen as the large drift seen in the tropics and the double maxima
much with resolution over the Rockies between 20N to 40N. Aken between 30S and 60S. The drift in the tropics does not
lower latitudes, between approximately ON to 20N, the changgduce with increasing resolution, as was also seen in the nudging
in the resolved and SSO torque across resolution is almestdencies for January 1998. Understanding the model bias in
like-for-like over both the Western and Eastern Hemispheraie tropics may be much more complex than in midlatitudes as
This latitudinal and longitudinal dependence of the resoluticnresult of diabatic processes. The focus of this study, however,
sensitivity indicates that, although the parameterized and resoliethe midlatitudes where the model drift reduces with increasing
orographic torques exchange well in certain regions, the differessolution, particularly between 30N and 60N. This supports
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Figure 8. Vertically integrated nudging tendencies and total resolved plus parameterized orographic torque for (a) January 1998 nudged experiments, (b) January 201(
nudged experiments and (c) January climatology from 1981 to 2012. (d) shows the drift relative to the analysis in the vertically integrated angular mathantim (

the total orographic torque for short-range forecast experiments over January 2010. In (a), (b) and (d) the solid line indicates the value of the N512 experiment and the
shading indicates the range over the N96, N216 and N512 resolution experiments. In (c) the thick line indicates the climatology and the thin lines are the individual years,
at N96. The black lines in (a) and (b) indicate the nudging tendencies at N96 when the orographic blocking is set to zero (NoBLK).

the idea that excessive parameterized orographic torque at lotiermagnitude is substantially reduced or the sign is switched. This
resolution may be leading to model bias in the NH midlatitudesimplies that the low level blocking parameterization can have a
In the assessment of nudging tendencies as an indication of sfgni cant impact on the large scale circulation over the NH extra-
model bias, it is important that they are generally representativepics. The change in sign of the nudging tendency indicates
of the overall climatological biases in the model. By performinthat the parameterized blocking term is needed but is too strong.
32 separate experiments using the N96 setup for each Januarfdditionally, the lack of change in the nudging tendencies at other
the years 1981 to 2012, a climatology of the nudging tendencle$itudes suggests that there may be compensation by other terms
at the N96 resolution was built. Figur@c shows the total in the momentum budget occurring. The compensation by other
orographic torque for the individual Januaries from 1981 terms within the momentum budget is discussed in the following
2012 in red and the corresponding vertically integrated nudgisgction.
tendencies in blue, with the thick line indicating the mean January
climatology. The positive torque from the nudging tendenci&s Compensation by other terms in the momentum budget
acting to accelerate the atmosphere in the region between 30N and
60N is quite robust across all of the years, with some years havifige nudging framework employed here is ideal not only for
very substantial values here. In addition to this easterly biasrisolution sensitivity studies but also for parameter sensitivity
the NH, there also appears to be a robust easterly bias in the stttlies. Since the AMFC is constrained through nudging,
midlatitude jet. without the torque due to orographic blocking, other terms in
The effect of the additional parameterized torque at the N8 momentum budget could increase or decrease in order to
resolution is assessed by setting the orographic blocking term, toepensate for this. The way in which the BL torque, resolved
largest component in the SSO torque, to zero and looking at teeque and subsequently the nudging respond to this loss of
resulting nudging tendencies, which are shown in black in guresographic torque may give some insight into the suitability of
8aand8h. The vertically integrated tendencies of the experimensing one parameterization scheme to compensate for the other
without orographic blocking (NoBLK) are of similar magnitudeand the consequences of such substitutions.
and sign as those of the N96 control experiment (CNTRL) in mostFigure 9 shows the major contributors to the zonal mean
latitudes, apart from in this interesting 30N to 60N region, wheraomentum budget at N96 resolution for the January 1998 and
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30 Jan 1998 in energy available to scale the mountain and generate gravity
waves. Both the turbulent mixing.¢ck et al. 2000 and turbulent

—
Q
Ry

AMFC orographic form dragWood and Masori993 component of the
20 — Resolved o .
dso BL parameterization have a dependence on wind such that an

increase in the local wind will lead to an increase in the total BL
drag, which is why we see this compensating behaviour when the
orographic blocking is switched off. One might also expect that
increased winds would lead to larger pressure gradients acting on
resolved orography and, as a result, larger resolved torques being
exerted on the atmosphere. What is most surprising about these
NoBLK experiments is that the resolved drag does not compensate
for the orographic blocking between 20N to 60N and, instead,
becomes more positive between 20N to 30N and less negative
(or changes sign) over 30N to 50N. The change in the resolved
torque acts in the same sense as the change in the SSO torque and

Bl
10

10

Budget Term (10 Nm)
o

20

30

90 60 30 0 30 60 go together leads to the large decrease or change of sign seen in the
Latitude nudging tendencies over this region.
As discussed in sectioB, the individual mountain massifs
30 Jan 2010 respond differently to changes in resolution and it is now evident
(®) AMEC from gure 9 that they also respond differently to removal of
50 —— Resolved the blocking parameterization. In order to identify the response

of the torques over speci c regions of the globe to switching off
the orographic blocking, latitude/longitude plots of the change in
vertically integrated momentum budget tendencies between the
N96 CNTRL and NoBLK experiments are plotted in gui®,
along with their hemispheric means on the left and right hand
side of each panel. The contribution from integrating over the
Antarctic continent is plotted in the bottom right-hand panel. The

— SS0O,

BL
10

Budget Term (10 Nm)
o

10 terms have not been area weighted and are expressed as a stress
(Pa), in order to expose some of the ner details at higher latitudes
20 (According to our sign convention, these stresses are actually the
negative of the surface stress as conventionally de ned). Figures
30 10aand10bshow the change in the SSO and BL stress and gure
90 60 30 0 30 60 90 10cshows the sum of these changes, so as to identify where the

Latitude BL stress (and gravity wave drag) does not compensate for the
loss of orographic blocking. Figurg0d shows the differences
Figure 9. Dominant terms in the angular momentum budget of the N96 CNTRIN the semi-Lagrangian advection tendencies; since the AMFC

experiments and N96 NoBLK experiments for (a) January 1998 and (b) Janupsy constrained by nudging, these will be predominantly due to
2010 with nudging. The solid line indicates the values of the N96 CNTRL

experiment and shading indicates the range of the term between the CNTRL SF@"QGS in the resolved pr_essure t(_)rques' T_he sum of the change
NoBLK experiments. in the SSO, BL and advection term is shown in gur@eand the

change in the nudging tendencies is shown in glifé note the

January 2010 CNTRL and NoBLK experiments. The SSO torqebange in scale. The similarity of gureB)e and 10f con rms
does not go to zero in the NoBLK experiment due to the gravithat the budget is well closed. The change in the surface pressure
wave component of the parameterization, which was not setvihen blocking is switched off is plotted in gurklalong with the
zero so as to investigate its response to the loss of orograpBf®hPa wind vectors from the CNTRL experiment. Comparing
blocking. In general there is little difference in the BL torque ovegure 10aand the wind vectors in gurdl, it is evident that the
the SH in gure 9 where the reduction in SSO torque leads teign of the parameterized stress depends on the sign of the wind.
a decrease in the nudging tendency between 60S and 40S andThe responses seen over individual mountain regions are
change of sign at 40S (Figur8aand8b). Within the 10S to 40S summarised in tabld by stating the sign of the term in the
region the resolved torque decreases, but unlike in the NH thisGBITRL experiment, the degree to which each term is able
a compensation since the resolved torque is of opposite signtdocompensate and the change seen in the nudging tendency.
the SSO torque. The NH shows a strong response from the BlLthe sign of the nudging is opposite to (the same as) the
and resolved torques, where the loss of blocking is almost fullyocking stress in the CNTRL experiment it suggests there is
compensated by a combination of the two in the ON to 30N regicexcessive (insuf cient) surface stress in that region in the CNTRL
However, despite the BL torque increasing substantially over tbgperiment. Where there is excessive stress and removing the
30N to 60N region, the compensation is not large enough doographic blocking leads to a decrease in the magnitude of the
account for the loss of the blocking term. What is more, the torqnedging, the BL and resolved stress do not compensate fully for
due to gravity wave drag increases from a negligible amoutte loss of blocking and the model bias is reduced. Where there
which is indistinguishable from the zero line, to the lower edge & insuf cient drag and the magnitude of the nudging tendencies
the shaded region in the SSO term in gu@ssand9b. This lack increase when blocking is switched off, the BL and resolved stress
of compensation from the BL torque and parameterized graviy not compensate fully and now the bias is increased. Where
wave torque between 30N to 60N is evident in the verticalihe magnitude of the nudging tendencies remain unchanged,
integrated nudging tendencie8a(and 8b), where they become the resolved stress and BL stress compensate for the loss of
less positive and/or change sign. orographic blocking. We see that over the Antarctic, the Andes

An increase in the parameterized gravity wave drag occurs daued Europe, the nudging is of opposite sign to the SSO in the
to an increase in the local wind speed and, as a result, an incré@Bd RL, indicating excessive drag, and the bias is reduced as a
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Figure 10. N96 NoBLK minus N96 CNTRL vertically integrated momentum budget tendencies for January 2010 for the (a) SSO, (b) BL, (c) sum of the SSO and BL, (d)
semi-Lagrangian advection, mainly representing the resolved pressure torque, (e) sum of the SSO, BL and semi-Lagrangian advection and (f) nudging. Note the differenc
in scale between gures (a)-(d) and gures (e) and (f). Left and right side panels are the Western and Eastern Hemisphere zonal means, respectively. The lower right side
panel is the mean over the Antarctic. The solid line indicates the values of the N96 CNTRL experiment and shading indicates the range of the term between the CNTRL
and NoBLK experiments.

result of removing the parameterized blocking stress. Over E#f&# nudging tendencies reduce substantially or even change sign
Asia, Central America and East Africa, there is little change ig. 10f).

the nudging when blocking is removed, indicating that the BL and

resolved stress compensate for the parameterized blocking oveponsistent with the large change seen in the resolved pressure
these regions. The only region over which there is insuf cient drdgrque when blocking is switched off, gurél shows that there

in the CNTRL and the nudging tendencies increase in magnituge2 large increase in the surface pressure on the leeward side of
in NoBLK is over the Rockies, particularly to the North. the Himalayan mountain chain. Similar magnitude changes can be

By far the most complex topographic region is the Himalay@$e" over the Northern Rockit_as and Europe. The cha_nge in surface
and the Tibetan Plateau, which is why it is not included iRressure over the NH seen in these nudged experiments match
table 1 and will be discussed here. The BL stress is able fdosely with the forecast experiments performedSanduet al.
compensate partially over the major regions of the Himalayé%‘)l@ after a 24 hour lead time in which the orographic blocking
(g. 100 and, while the resolved stress compensates over imyas increased. They looked at how the surface pressure responded
highest peaks ( g.10d), the total stress reduces on the leewar® increasing the blocking over speci ¢ mountain regions using
side of the Himalayan mountain chain ( 406, acting to reduce short range forecasts and found that all of the changes in the
the drag on the westerlies in this region. Since the BL does rtrface pressure in midlatitudes at a 24 hour lead time are local
fully compensate for the loss of parameterized blocking and thesponses to changes in the blocking. This indicates that the
resolved stress responds in the opposite sense to a compensatlmmnges seen in the surface pressure and, therefore, resolved
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Table 1. Sign of momentum budget terms in CNTRL experiment and response in NoBLK experiment over speci ¢ mountain regiondlih gure

SSO BL Resolved Nudging
Antarctic Coast/Peninsulaz0 Coast: CNTRE 0 Peninsula: CNTRL> 0 CNTRL<O
Partial compensation Strong compensation Large decrease in magnitude
Ross Ice Shelf 0 Ross Ice Shelf: CNTRL O  Ross Ice Shelf: CNTRkEO  Ross Ice Shelf: CNTRE 0
No response Full compensation Little change
Andes <0 CNTRL<O0 CNTRL<O CNTRL=>0
Large compensation in south  Partial compensation Large decrease in magnitude
No response in north
E. Africa >0 CNTRL>0 CNTRL>0 CNTRL<O
Little compensation Localised compensation Little change
over Ethiopia and Tanzania
C. America | >0 CNTRL>0 CNTRL>0 CNTRL>0
Little compensation Almost full compensation Little change
Rockies North:>0 North: CNTRL>0 North: CNTRL>0 North: CNTRL>0
Partial compensation Partial compensation Increase in magnitude
South:< 0 South: CNTRL<O South: CNTRL< O South: CNTRL< 0
Little compensation Almost full compensation Increase in magnitude
Europe Alps/Caucasusz 0  Alps: CNTRL<O0 Alps/Caucasus: CNTREO Everywhere: CNTRI>0
Little response Almost full compensation Large decrease in magnitude
Caucasus: CNTREO
Partial compensation
Turkey/Croatia>0  Turkey: CNTRL<O Turkey: CNTRL>0
Compensation of Increase in magnitude
opposite sign in response to BL
E. Asia <0 CNTRL>0 CNTRL<O0 CNTRL O
Change in sign for Full compensation Little change
partial compensation

illuminated the impact that orographic parameterization schemes
have at lower (climate) horizontal resolutions. By nudging the
MetUM towards ERA-interim within the regions of maximum
momentum ux convergence in the free atmosphere, we were able
to constrain the angular momentum ux convergence term within
the momentum budget across model resolutions and reproduce the
ERA-interim low level winds. The boundary layer torque did not
change substantially across resolutions, while the parameterized
orographic torque (SSO) saw the largest change. Although there
was good agreement in the total orographic torques at varying
resolutions in most regions, there was a large discrepancy over the
30N to 60N region. This difference is attributed to the additional
parameterized orographic torque at the lower resolutions, which is
not balanced by a decrease in the resolved torque. Deconstructing
the zonal mean SSO torque and resolved torque into their
Eastern and Western Hemispheric contributions, it was shown
that the resolution sensitivity of the SSO torque came largely
from the Eastern Hemisphere. This resolution sensitivity was
Figure 11. Difference in the surface pressure between the N96 CNTRL and N8@lidated using short range forecasts, which were shown to
NoBLK nudged experiments, vectors are 850hPa wind for CNTRL. support the orographic torque resolution sensitivity in our nudged
experiments.
pressure torques in the nudged experiments are also tied to theendencies from the nudging routine corroborate the ndings
speci ¢ topographic features. of Brown (2004 who suggest that the parameterized orographic
torque within the 30N to 60N region at lower resolutions may be
excessive. This was done using the ECMWF forecast model of
the time, which is a completely different model to the MetUM
The sensitivity of resolved and parameterized orographic torques was run at resolutions comparable to those used here. The
to changes in model resolution and parameterization within tiertically integrated nudging tendencies in this study exhibited a
Met Of ce Unied Model was investigated in the context oftendency towards accelerating the atmospheric ow in the NH in
the angular momentum budget. The methods employed in tttig region where the parameterized orographic torque (which acts
study demonstrate that nudging techniques can be fruitful as a drag) is the largest. The magnitude of the nudging tendencies
diagnosing errors in the parameterized surface stresses and hestaced as the parameterized torque reduced within this region

6. Conclusions
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when the resolution was increased, indicating that it may be ttee40N coming from the BL, SSO and resolved stress lead to
additional parameterized orographic torque that is the cause of éime overall decrease in the zonal mean drag over this region.
larger model error at lower resolution. The drift over 24 hours ifhis large change can be attributed to a change in the surface
short range forecasts also showed that the forecast winds werepssure on the leeward side of the Himalayas and an overall
weak in the 30N to 60N region, with this drift decreasing witlstrengthening of the meridional pressure gradient to the north of
increasing resolution. What is more, the climatological nudgirthe Eurasian mountain chain along 20N to 60N, which is also seen
tendencies show a large acceleration of the atmosphere at theilowhe experiments oSanduet al. (2016. The response of the
resolution within both the NH and SH jets, which suggests thigsolved torque to variations in the strength of the sub-grid scale
could be linked to a robust model bias. Previous studies hast®graphic torque raises questions in regards to the feedbacks
shown that many systematic biases in climate models develop doetween resolved and parameterized orographic processes. It is
short timescales and, since these errors remain local over thalse clear that a substitution of the BL parameterization for
timescales, the analysis of nudging tendencies within constrairibe orographic blocking parameterization is not suitable in all
models can provide a means of understanding the origins of theggions. Overall, we see that the behaviour of the resolved and
biases la et al. 2014). parameterized surface drag does not agree over the Himalayan
The resolved orographic torque may be insensitive to modégion, which indicates that the parameterized component may not
resolution in the regions over the Himalayas and the Rockies at #fedealing with this complex topography and atmospheric ow in
resolutions considered in this study due to the large scale nat@rgalistic manner at climate model resolutions.
of these features. If the large scales were dominating at these
resolutions, there may not be an increase in the resolved drag ufgknowledgement
a resolution is reached in which additional small scale proces%sl study is supported by the “Understanding the atmospheric
can be represented. Power spectra of the resolved pressure glri% lation response to climate change” (ACRCC, ERC Advanced

over East Africa and the Himalayas (not shown) indicate th trant) project. The authors would like to thank Miguel Teixeira

the model does respond to changes in resolution, since ther? IS . . . .
. . . : . Tor helpful discussions and John Scinocca for providing useful
additional small scale variance when going to higher resolution,

However, the peak of the power spectrum over the Himalay%%mmems'

is at much larger scales, which are already well remesemedR%tferences

N96, whereas the peak of the power spectrum over East Africa

occurs at smaller scales. This explains why we see little additiomaljaars ACM, Brown AR, Wood N. 2004. A new parametrization of turbulent
resolved drag over 30N to 50N, but an increase in resolved dragrographic form dragQ. J. R. Meteorol. Sod30(599): 1327-1347, doi:
over 10N to 20N, when going to higher resolutions. This ma 10.1256/0).03.73. ) )

also explain why the parameterization scheme does not perf Fﬁyshaw DJ, Hoskins B, Blackburn M. 2009. The Basic Ingredients of the

. . . North Atlantic Storm Track. Part I: LandSea Contrast and Orography.
well over the Himalayas at the lower resolutions, since the largeamos. Scige(9): 2539-2558, doi:10.1175/2009JAS3078. 1.

sub-grid scale mountains that are fed into the parameterizatigfigyn AR. 2004. Resolution dependence of orographic torq@esJ. R.

at lower resolutions may not be suited to parameter choices mad®leteorol. Soc130(603): 3029-3046, doi:10.1256/qj.04.21.

when optimising the schemes for results at higher resolutions. T¢missimo BC, Pierrehumbert RT, Pham HL. 1988. An Estimate of Mountain
lack of a scale separation in the orographic spectrum makes th@rag during ALPEX for Comparison with Numerical ModelsAtmos. Sci.

: i . . 45(13): 1949-1960, doi:10.1175/1520-0469(1988)01489:AEOMDD 2.
modelling of orographic effects a challenge in seamless modelling,"<5"

and Va_‘"dation' Further work is required to fully un_de_rStand t_h@nao BF. 1988. Correlation of interannual length-of-day variation with EI
behaviour of the ow in the presence of orography with increasing Nifo/Southern Oscillation, 19721985.Geophys. Re83(B7): 7709, doi:
horizontal resolution. 10.1029/JB093iB07p07709.

The blocking component of the orographic drag parameteriz%lf?‘r:k T'I-v Miller MJ. 1991. Pfe_SSIUfe dragland mOﬂLen_tum UXEIJS due to
tion scheme was switched off so that the sensitivity of the nudgingi"® AIPS- I Representation in large-scale atmospheric mogglsl. R.

. . “Meteorol. Soc117(499): 527-552, doi:10.1002/qj.49711749906.
tendencies and other terms within the momentum bUdget to tBkﬁlies T, Cullen MJP, Malcolm AJ, Mawson MH, Staniforth A, White AA,

parameterization may be investigated. Whilst in most regionswood N. 2005. A new dynamical core for the Met Of ce's global and

the zonal mean nudging tendencies were similar to that of theegional modelling of the atmosphei®. J. R. Meteorol. Socl31(608):

N96 control experiment when blocking was switched off, a large 1759-1782, doi:10.1256/qj.04.101.

change was seen over the 20N to 60N region in both the Janu2gg DP. Uppala SM, Simmons AJ, Berrisford P, Poli P, Kol_aayashi S, Andrae

1998 and 2010 experiments. A lack of change in the nudging ,Balmageda MA, Balsamo G, Bauer P, Bechtold P Beljaars ACM, van de
. A “Berg L, Bidlot J, Bormann N, Delsol C, Dragani R, Fuentes M, Geer

tendencies elsewhere indicated that there must be compensatiqNy, Haimberger L, Healy SB, Hersbach Holsh EV, Isaksen L, Kllberg

by other terms in the momentum budget when the blocking isP, Kohler M, Matricardi M, McNally AP, Monge-Sanz BM, Morcrette

switched off. Zonal mean responses of each term within thelJ, Park BK, Peubey C, de Rosnay P, Tavolato GspBint JN, Vitart F.

momentum budget to the loss of orographic blocking Suggestgon' The ERA-Interim reanalysis: con guration and performance of the

o - . data assimilation syster®. J. R. Meteorol. Sod.37(656): 553-597, doi:
that it is predominantly the BL torque that compensates in mOsty 4 1002/g}.828. yster@ (656)

regions, although the resolved torques did aid the compensatigimantakis M, Davies T, Wood N. 2007. An iterative time-stepping scheme
to some extent. The resolved torques were found to compensate ifar the Met Of ce's semi-implicit semi-Lagrangian non-hydrostatic model.
the opposite sense to that of the SSO torques over the 20N to 301Q- J. R. Meteorol. Sod.33625): 997-1011, doi:10.1002/qj.59.

region, however, and the BL response was found to be incomp@%{tr&aqn DLI. ZSOOY.JTh(ZEQtS.wc:)LSZ%hiZ(;GeneraI Circulation and its Variability.
over this region, leading to a decrease or a change in sign of th& ¢ cor0. S0¢. Jap P e )
glon, 9 9 9 }-laynes PH, Marks CJ, Mcintyre ME, Shepherd TG, Shine KP. 1991. On

positive nudging tendencies. the Downward Control of Extratropical Diabatic Circulations by Eddy-
Global maps of the latitudinal and longitudinal distribution Induced Mean Zonal Forces. Atmos. Sci48(4): 651-678, doi:10.1175/

of the change in the various terms in the momentum 1520-0469(1991)048651:0TCOED2.0.CO;2.

budget in response to switching off the orographic b|ockirfgitchcock P, Haynes PH. 2014. Zonally Symmetric Adjustment in the

At ; oAt Presence of Arti cial RelaxationJ. Atmos. Sci71(11): 4349-4368, doi:
parameterization show that, while a combination of the resolvedlo_1175/JAS_D_14_0013_1_

a”q BL stresses compeqsate for the OTOQraphlc blocking in MaWekins B, Fonseca R, Blackburn M, Jung T. 2012. Relaxing the Tropics to an
regions, they can also yield an opposite response. The comple¥pserved state: analysis using a simple baroclinic m@e). R. Meteorol.
mixture of positive and negative stress over Eurasia between 20N$oc.138667): 1618-1626, doi:10.1002/gj.1881.
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