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Abstract  Recent upgrades to the boundary-layer scheme in the UK Met Office operational
global Numerical Weather Prediction model are documented. These comprise a reduction in
turbulent mixing in stable conditions over the sea, and the inclusion of non-local momentum
mixing in convective conditions. The dependence of low-level winds on changing stability
is shown to have been significantly improved. Crucially, it is also found that these improve-
ments in local performance have been achieved without degrading the model skill in terms
of synoptic evolution—something that has proved difficult to achieve in the past in many
operational models. In fact some aspects of the large-scale flow (e.g. zonal mean winds) have
been slightly improved.

Keywords Momentum mixing - Numerical weather prediction - Parametrization -
Wind turning

1 Introduction

The boundary-layer parametrization used in the UK Met Office Unified Model for Numerical
Weather Prediction (NWP) and Climate Prediction is essentially a two-part scheme split by
boundary-layer stability (Lock et al. 2000). For the unstable boundary layer it uses a K-profile
closure (diffusion coefficients that are scaled functions of height within the boundary layer)
with an explicit entrainment parametrization at the boundary-layer top. Before the recent
upgrade, a non-local (or non-gradient) component was applied only to the sensible heat flux.
For the stable boundary layer a simple down-gradient formulation dependent on local sta-
bility (via the Richardson number that measures the stability of the atmosphere to turbulent
mixing) is used.

Although used successfully for a number of years, a number of problems have been
identified, in particular with regard to the response of the low-level winds to changing sta-
bility (e.g. Brown et al. 2005, 2006). The purpose of this paper is to document the changes
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118 A. R. Brown et al.

made to the scheme to address these issues, and to show evidence of their adoption leading
to improved performance. It is pleasing to be able show that the improvements in local per-
formance have been obtained without degrading the synoptic evolution. Furthermore, the
original errors are common to a number of independent NWP models, and it is therefore
believed that the results are of relevance for developers of other models.

Section?2 details the changes to the boundary-layer parametrization and the motivation
for them. Section 3 describes the testing strategy and results are shown in Sect.4. Finally
conclusions are given in Sect. 5. A Cartesian (x, y, z) co-ordinate system is used throughout,
with the z direction normal to the surface, and the velocity vector has components (u, v, w).
T + xx refers to an xx hour forecast.

2 Boundary-Layer Scheme Changes
2.1 Modification of Stable Boundary-Layer Turbulent Mixing Over the Sea

The diffusivities (for momentum and scalars) in the stable boundary layer are set through,
K = A*Sf(Ri), (0

where S is the vertical wind shear, A is the mixing length, and f is a function of Ri, the local
gradient Richardson number. Until the March 2006 upgrade, the global operational NWP
model used, for all stable boundary layers,

1
14+ 10Ri°

This ‘long-tails’ function decays only slowly with increasing Ri, and gives significantly
more mixing at high stabilities than indicated by observations or large-eddy simulation (LES)
(e.g.Beare et al. 2006). Other NWP models also typically use formulations that give appar-
ently excessive mixing (e.g. Cuxart et al. 2006). Their use is very likely to be responsible for
systematic errors in operational forecasts of near-surface winds. For example, Brown et al.
(2005) showed systematic errors in surface wind direction over the sea in stable conditions,
which appeared to be at least in part due to excessive mixing leading to stable boundary
layers that were too deep and had insufficient wind turning across them. Furthermore, Brown
et al. (2006) showed excessive wind speeds and systematic direction errors at nighttime over
land in the UK Met Office and ECMWF models.

Unfortunately, past tests of functions that give less mixing in stable conditions have given
disappointing results, typically resulting in excessive cooling at the surface and reduced skill
in predicting the synoptic evolution (e.g. Viterbo et al. 1999; Beljaars and Viterbo 1998). One
possibility is that the traditional functions are effectively parametrizing the effects of hetero-
geneity leading to some mixing within a grid box even when the grid box mean is very stable
(Mahrt 1987). However, it is difficult to see how this effect can justify the use of functions
that enhance the mixing as much as is commonly done (e.g. see discussion in McCabe and
Brown 2007), and another possibility is that the functions are simply compensating for errors
elsewhere in the surface energy balance.

In the absence of a complete solution to these problems, we have adopted the pragmatic
approach (originally suggested by Anton Beljaars, private communication, 2007) of imple-
menting a function giving less mixing only over the sea. Here the heterogeneity argument is
not applicable, and the fixed sea surface temperature boundary condition in any event pre-
vents any problems with excessive cooling. The function implemented is the ‘sharp’ function
of King et al. (2001)

f = flong—tails(Ri) = (2)
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(1—=5RiH?0<Ri <0.1,

f= fsharp(Ri) = 1 2 3
- Ri > 0.1,
(ZORZ)

which is much closer to Monin-Obukhov similarity than the long-tails function that it replaces
over the sea (and that is still used over land). This change will be referred to as SHARP_SEA.
Some results will also be shown from separate tests (SHARP_ALL) of applying the sharp
function everywhere.

2.2 Introduction of Non-Local Momentum Mixing

The vertical turbulent momentum fluxes (z, and 7,) in the model are parametrized through

ou Jv
(Tx, Ty) = —pKn (sz 37) + @M O]

where p is the density, K, is the eddy diffusivity for momentum, and t* and rf,v L are the
non-local stresses. Until the recent upgrade, the non-local stresses were set to zero. How-
ever, Brown and Grant (1997) showed that without a parametrization of non-local stresses, a
one-dimensional model produced wind profiles in the convective boundary layer that were
less well-mixed than predicted by LES, and underestimated the near surface wind. Inclusion
of anon-local stress parametrization (building on one originally proposed by Frech and Mahrt
1995) improved the agreement with LES. Furthermore, Brown et al. (2006) showed that the
operational verification statistics indicate a slow bias in the 10-m wind over land by day,
especially in spring and summer. The ECMWF model (which also does not allow non-local
mixing of momentum in the convective boundary-layer) was found to show a similar bias.
Brown et al. also performed further comparisons between a one-dimensional model and LES,
again highlighting the benefits of a non-local stress parametrization.

In view of this evidence, the recent upgrade included a parametrization (referred to as
UWNL) of non-local stresses very similar to that proposed by Brown and Grant (1997).
From z = 0.1z; to z = z; (where z; is the boundary-layer depth) they are written

(,CNL_L,NL): r A ¢ 1_12 (Tas» Tys) Q)
o b ps JL G +0.6wd) ||\ )

where py is the density at the surface, w, is the convective velocity scale, u, is the friction
velocity, 7 = z — 0.1z, z; =z; — 0.1z;, and 7, and 7y are the surface stresses. The term
involving u, and w, is as proposed by Brown and Grant (although note that their Table
3 contains a typographical error), and ensures that the non-local stress is zero in neutral
conditions but asymptotes to a stability-independent fraction of surface stress in convective
conditions. The shape function has been modified slightly from that proposed by Brown and
Grant, as they used 7’ =z and z; = z; and applied non-local stresses from the surface to z;.
Here we apply non-local stresses only between 0.1z; and z;. The motivation for this change
was to ensure that the match to surface-layer similarity was maintained below 0.1z; (although
separate tests suggested that the impact of this change is small).
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3 Testing Strategy and Operational Model Upgrade

The boundary-layer changes (SHARP_SEA, UWNL) proposed for operational implemen-
tation were first tested individually, and then together (SHARP_SEA+UWNL), in 10 case
study (forecast only to 6 days) tests at N216 resolution (longitudinal spacing of 0.83° and
latitudinal spacing of 0.56°). These tests used 38 vertical levels, with 12 levels in the bottom
2km (lowest level at 10m for wind and 20 m for heat and moisture) and the model top at
39km. Five of the cases were in the period December 2003—February 2004, referred to as
DJF, and 5 in the period June—September 2003, referred to as JJAS. The dates chosen were
all at least two weeks apart in order that they were synoptically independent of one another.

For further testing, as is common practice in operational model upgrades, these changes
were packaged together with other changes (which themselves had also been tested individ-
ually in case studies). The combination of all the changes will be referred to as PACKAGE,
and consists of UWNL, SHARP_SEA plus:

— Changes to the surface scalar transfer over the sea to bring its dependence of wind speed
more in line with recent observations. At the same time, the effects of salinity in reducing
the saturation vapour pressure (previously neglected in the model) have been included.
Details are given in Edwards (2007).

— Changes to the convection parametrization, including the adoption of a new detrainment
formulation resulting in a smoother decay of convective mass flux with height.

Trials of PACKAGE were run for a summer and winter month using 4D-Var data assimi-
lation (Rawlins et al. 2007). These tests used the operational resolution: N320 (longitudinal
spacing of 0.56° and latitudinal spacing of 0.38°) and a vertical grid as that used in the
case studies in the troposphere, but with an extra 12 levels taking the model top to 63 km.
Finally PACKAGE ran in a parallel suite (N320 4D-Var) for a month, prior to its becoming
the operational suite on 14 March 2006.

The surface transfer and convection changes had some important beneficial impacts in
the tropics. However they will be reported separately and are not the focus of this paper,
which concentrates on the impact of the boundary-layer changes. To isolate these, a number
of results will be shown from the clean case study tests of these changes. Results will also
be shown from the 4D-Var trials and operational verification statistics where changes can be
clearly ascribed to the introduction of SHARP_SEA and UWNL.

4 Results

The primary aim is to show that the boundary-layer parametrization changes have led to the
expected improvements of the response of the near-surface winds to stability changes. How-
ever, the wind changes in turn lead to surface stress changes, and hence potentially impact
on the atmospheric angular momentum budget. For this reason, Section4.1 first looks at the
size of the stress changes and for evidence of impacts on large-scale evolution. Sections 4.2
and 4.3 then examine the impacts of the boundary-layer changes on the near-surface winds
over land and sea.

4.1 Effects on Surface Stress and Large-Scale Evolution

Figure 1 shows the impact of some of the parametrization changes on the zonally averaged
zonal component of boundary-layer surface stress ({7,s)) after 24 h, averaged across the 5
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Fig. 1 Zonally-averaged zonal component of boundary-layer surface stress in 24 h forecasts valid at 1200
UTC, averaged over 5 DJF cases, as a function of latitude. (a) Full fields; (b) change from CONTROL.
Note that the SHARP_SEA and SHARP_ALL results are almost identical at mid-latitudes in the Southern
Hemisphere

DIJF cases. The full fields (Fig. 1a) show that the changes between SHARP_SEA+UWNL
and CONTROL are relatively small, although in the Northern Hemisphere (NH) and tro-
pics (TROP) the magnitudes are systematically increased. To show the impact more clearly,
Fig. 1b shows the changes ((At,y)) relative to CONTROL. SHARP_SEA+UWNL gives
positive values (of up to 0.008 N m~2) in Northern Hemisphere mid-latitudes, and negative
values in TROP. In both regions these changes amount to an approximately 7% increase in
the magnitude of (7).

In order to understand these changes, Fig. 1b also shows changes relative to CONTROL
seen in the separate tests of the individual components, SHARP_SEA and UWNL.
The SHARP_SEA+UWNL stress changes are close to being a linear superposition of the
SHARP_SEA and UWNL ones (and the PACKAGE results are very similar, implying that
the surface transfer and convection changes in PACKAGE have relatively little impact on
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this statistic). UWNL is the dominant contributor in the Northern Hemisphere and TROP
(although there is a small loss from SHARP_SEA in the Northern Hemisphere). Note that
the Northern Hemisphere changes in zonal mean stress are dominated by changes in stress
over the sea, even at latitudes where the land fraction is high. This is because the boundary
layer over land in winter is typically stable or only very weakly unstable and so UWNL has
little impact over land. In the Southern Hemisphere from around 40-60°S, it can be seen that
the approximately zero values of (At,)) from SHARP_SEA+UWNL are in fact made up of
non-zero opposing contributions from SHARP_SEA and UWNL, with the former decreasing
and the latter increasing stress (each by around 4-5% of the CONTROL value).

Figure 2 is as Fig. 1, except showing results from the JJAS case studies. SHARP_SEA+
UWNL here gives a small increase in the magnitude of (7,) at almost all latitudes, typically
by between 3 and 5% in the Southern Hemisphere, by around 6% in the band of easter-
lies in TROP, and by around 7% (of relatively small CONTROL values) in the Northern
Hemisphere. The Southern Hemisphere increase arises from the positive contribution from
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Fig. 2 As Fig. 1, except results averaged over 5 JJAS cases
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UWNL outweighing the negative contribution from SHARP_SEA (as it also did, although
still more clearly, in the Northern Hemisphere winter). In the Northern Hemisphere, the
contributions from the stresses over sea are relatively small (although SHARP_SEA at least
cancels out any increase from UWNL, as it also did in the Southern Hemisphere summer)
and the positive values of (At,s) arise primarily from the effects of UWNL over land. The
increased impact of UWNL over land relative to that obtained in winter is consistent with a
greater fraction of the stress coming from points with boundary layers unstable enough for
the UWNL parametrization to have a significant impact. The PACKAGE results are again
very similar to those from SHARP_SEA+UWNL.

As an aside, Figs. 1b and 2b also show (At,) obtained with SHARP_ALL in order to
help understand whether any problems associated with the use of that parametrization are
associated with a loss of stress. The use of this parametrization does indeed give much more
negative values of (At,y) in the Northern Hemisphere than obtained with SHARP_SEA (and
positive values of (At,) are also seen in TROP). However, the decreases in stress magni-
tude are typically still comparable to or smaller than the increases brought about through
UWNL. This suggests that loss of drag, at least in a zonal mean sense, is unlikely to lead to
significantly degraded results with SHARP_ALL. However, the DJF case-study tests with
SHARP_ALL showed the well-known temperature biases over land (cooling by 2-3 K over
large areas by T+120), and hence this option was not pursued further in assimilation trials at
this point.

Figure 3 shows the DJF and JJAS case study T+72 average differences in zonal mean zonal
winds between CONTROL and analysis and between SHARP_SEA and CONTROL, UWNL
and CONTROL, SHARP_SEA+UWNL and CONTROL. Again the SHARP_SEA+UWNL
results are to a good approximation a linear summation of those from SHARP_SEA and
UWNL, and they are consistent with the surface drag changes. In the DJF cases, the extra
drag from UWNL leads to a general deceleration of the westerlies between 30 and 60°N
(although only typically of 0.1-0.2ms~"). Reference to the CONTROL to analysis differ-
ences suggests that this change is of mixed benefit. It should also be noted that comparison
with Northern Hemisphere sondes generally suggests that the model winds are low (by around
0.4ms~") and that the changes slightly increase this discrepancy. However, the deceleration
by UWNL of the low-level easterly flow in the tropics is clearly beneficial, and the deceler-
ation of the westerlies at around 45°S is also largely good, particularly when considered in
conjunction with the acceleration further south that is given by SHARP_SEA.

In the JJAS cases, UWNL gives a clearly beneficial westerly tendency at low levels centred
on around 10°S. Further south, westerly tendencies (at all levels) at around 25 and 67°S and
an easterly tendency in between are all very largely beneficial. SHARP_SEA also contributes
some beneficial acceleration of the westerlies at around 60°S.

Changes in the zonal mean flow in the 4D-Var trials of PACKAGE also show consistent
signals in the extra-tropics and at low-levels in the tropics. The impacts of PACKAGE on
verification scores (for a range of standard statistics including pressure at mean sea level,
heights, winds, temperatures and relative humidity at various pressure levels) versus both
observations and analysis were found very largely to be positive, especially in the Northern
Hemisphere summer trial. In this trial almost all scores in the Northern Hemisphere and
Southern Hemisphere were improved to some extent, and large improvements were seen in
many of the tropical scores. These will not be presented in detail as it is not possible to
decouple the impacts of the boundary-layer changes on the verification scores from those
of the other components of PACKAGE. However, given past difficulties with implementing
boundary-layer changes of the sort discussed here, it is noteworthy that it is clearly possible
to do so while still maintaining an acceptable large-scale evolution.
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Fig. 3 Average zonal mean zonal wind differences at T+72 from case studies. Top row: CONTROL minus
analysis; second row: SHARP_SEA minus CONTROL; third row: UWNL minus CONTROL; bottom row:
SHARP_SEA+UWNL minus CONTROL. Left column: DJF: right: JJAS
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While the 4D-VAR trials were not designed to give a breakdown of the impacts of the
different parts of PACKAGE on the verification scores, month long (July) N216 trials using
3D-Var (Lorenc et al. 2000) were run for some of the separate components. One of these
gave a clean test of the impact of UWNL. It showed the same mean wind improvements as
seen in the case studies. UWNL also gave a 4% reduction in root-mean-square 850 hPa wind
vector error at T+48 in the tropics, and reductions in root-mean-square error in pressure at
mean sea level versus observations in the Southern Hemisphere (2% at T+48, increasing to
4% by T+96).

Analysis of energy spectra did not suggest that the drag changes were large enough to have
a significant impact on the energy levels in the model. Some small reductions in the T+120
kinetic energy levels at 200 hPa at mid-latitudes in the winter hemisphere were noted. These
slightly exacerbated an existing tendency for the model to lose energy relative to analysis in
the Northern Hemisphere, but brought the forecasts in closer agreement with analysis in the
Southern Hemisphere.

4.2 Surface Winds Over the Sea

Figure 4 shows an example from one of the case study tests of the impact in 24 h forecasts
of the boundary-layer changes on the surface winds over the North Atlantic. The top panels
show the pressure at mean sea level (PMSL), 10-m winds and surface buoyancy flux from
CONTROL, in order to give an idea of the synoptic situation. A low pressure system is centred
at around 34°W, 60°N. A cold front (visible as a marked change in wind direction) runs from
some distance east of the low centre back towards Newfoundland, and a warm front is aligned
approximately north-south at around 20°W. Between the two fronts the surface buoyancy
flux is negative (i.e. a stable boundary layer) but elsewhere it is predominantly positive (i.e.
an unstable boundary layer). The remaining panels show the impact (relative to CONTROL)
of the parametrization changes on the 10-m wind direction (negative values indicating an
anticlockwise turning i.e. a backing in the Northern Hemisphere) and speed. The results are
very much as anticipated. The largest impacts of SHARP_SEA are in the warm sector, where
reduced stable boundary-layer mixing leads to a systematic backing and slowing of the 10-m
wind. Some acceleration is also seen ahead of the warm front and in a narrow strip to the east
of Newfoundland, possibly related to changes in mixing in the inversion region above the
unstable boundary layer or a non-linear response to changes elsewhere. Conversely, UWNL
has little impact or no impact in the stable warm sector, but increases wind speeds (typi-
cally by around 5%) elsewhere (without having much impact on wind direction). The results
obtained with SHARP_SEA+UWNL appear to a reasonable approximation to be a linear
summation of those from UWNL and SHARP_SEA individually.

To quantify the surface wind changes the changes in wind speed and direction at sea
points in various latitude bands were averaged over unstable and stable points from all
10 case studies. As an example, Table 1 shows the results for the 50°S-30°S and 30°N-—
50°N bands. Once again it can be seen that SHARP_SEA gives a deceleration and backing
(a clockwise rotation in the Southern Hemisphere) in stable boundary layers, and that UWNL
gives a speed increase in unstable boundary layers. The PACKAGE results (both in this Table
and in Fig. 4) are close to being the sum of those from SHARP_SEA+UWNL. This confirms
that it is these boundary-layer changes that dominate the surface wind changes (and not the
surface transfer or convection changes).

In order to verify the effects of the changes, comparisons are made with surface wind data
from QuikSCAT. For technical reasons, this can only be done with the operational forecast
model, and so we have to compare results from before and after the operational upgrade.
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Fig. 4 Results from T+24 forecasts from 1200 UTC on 29 July 2003. Top row: CONTROL results for PMSL
and 10-m winds (left) and surface buoyancy flux (right). The remaining rows show the changes in wind direc-
tion and speed relative to CONTROL from simulations with SHARP_SEA, UWNL, SHARP_SEA+UWNL
and PACKAGE
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Table 1 Average changes in T+24 10-m wind direction and speed relative to CONTROL from simulations
with UWNL, SHARP_SEA, UWNL+SHARP_SEA and PACKAGE

ADirection (°) ASpeed (ms™ 1)

Unstable Stable Unstable Stable

S N S N S N S N
SHARP_SEA +0.1 —0.1 +2.2 2.7 +0.01 +0.03 —-0.22 —0.17
UWNL —0.1 +0.1 +0.1 -0.3 +0.24 +0.21 -0.03 —0.03
SHARP_SEA+UWNL +0.0 +0.0 +2.4 -2.9 +0.25 +0.24 —0.26 —0.19
PACKAGE +0.0 —0.1 +2.5 -32 +0.22 +0.22 —0.26 —0.22

The results have been averaged over all 10 cases studies and over all sea points in the 50°S-30°S latitude
band (indicated by S) and in the 30°N-50°N band (indicated by N)

Although this is not a traditional ‘clean’ test (in which the same period is simulated with
different formulations), as will be shown below, long-standing errors are clearly reduced, and
in a way entirely consistent with the changes expected from the boundary-layer changes.

At the UK Met Office, surface wind data from QuikSCAT is extracted from the SeaWinds
Scatterometer Real-Time BUFR Geophysical Data Product. Pre-processing is applied (e.g.
to select only observations in the instrument’s sweet zone, and to exclude data likely to be
contaminated by land, sea-ice or rain). A variational technique (Candy 2001) is then used to
select which of the four possible QuikSCAT wind vectors to use. Figure 5 shows time series
of daily average differences over two latitude bands between the resulting QuikSCAT wind
directions and the global model background. Separate averages have been made over cases
for which the observed wind was within 60° of northerly and southerly. Similar results were
obtained when the split into northerly and southerly categories was made on the basis of the
modelled (rather than of the observed) wind. This confirms that the differences seen between
the northerly and southerly results are not an artefact of the method of sampling.

Prior to the operational upgrade, significant direction errors were seen for the wind direc-
tion that will typically be associated with warm advection—northerly winds in the Southern
Hemisphere, and for southerly winds in the Northern Hemisphere. This error is entirely con-
sistent with the errors previously found in both the UK Met Office and ECMWF models in
the Northern Hemisphere winter (Brown et al. 2005). Here it can additionally be seen that
there is an annual cycle in the magnitude of the error, with the largest errors occurring in the
summer hemisphere. In contrast, the average errors for the wind direction associated with
cold advection (southerly in the Southern Hemisphere, northerly in the Northern Hemisphere)
are small.

On the operational implementation of PACKAGE, Fig. 5a shows that an immediate reduc-
tion was seen in the magnitude of the average error for northerly winds in the 50°S-30°S
band (with little or no change in the already small error for southerly winds). A reduction in
the error for southerly winds in the 30°N-30°N band also occurred (Fig. 5b), although the
Northern Hemisphere improvement is most apparent when the 2006 Q3 results are compared
with those obtained in 2005 Q3 (when the errors were largest). Consistent with the Southern
Hemisphere results, the errors for the cold advection wind direction (in this case northerly)
remained small.

These improvements are pleasing, and consistent with what could be expected based on
the case study tests. As previously noted, these indicate that the direction changes in PACK-
AGE are almost entirely due to the effects of SHARP_SEA on the surface wind direction
in stable boundary layers. Stable boundary layers account for only a low (<20) percentage
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Fig. 5 Difference between
global model background and
QuikSCAT observed wind
direction for cases with observed
wind direction within 60° of
northerly and southerly. (a) Daily
averages over the 50°S-30°S
latitude band; (b) daily averages
over the 30°N-50°N latitude
band. The dashed vertical line
indicates the date of the
operational upgrade
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of points in the cold advection wind direction categories, and hence the small impact of
PACKAGE on wind direction seen in Fig.5. The warm advection categories are typically
60-70% stable, and therefore show a much bigger impact (although the percentage in the
Northern Hemisphere winter drops to around 50, consistent with the smaller impact seen
immediately after implementation there).

Figure 6 shows time series of daily average differences between the global model back-
ground and the observed QuikSCAT wind speed. Looking first at the pre-upgrade results,
there was clearly a tendency for the model to be biased low relative to the QuikSCAT product
(especially in the winter hemisphere). Similar behaviour has also been noted for the ECMWF
model (Chelton and Freilich 2005). These biases may have been brought about by problems
with the QuikSCAT product and or by problems with the model. However, the biases can
be seen to be very different in northerly and southerly wind conditions, with much larger
negative biases in the conditions associated with warm advection. Again, this is consistent
with the results of the ECMWF model. Brown et al. (2006) previously noted that there was no
strong dependency on atmospheric stratification in the biases between QuikSCAT and buoy
observations. This strongly suggests that, irrespective of any other problems, the differing
model biases relative to QuikSCAT in conditions associated with warm and cold advection
were indicative of a problem with the response of the model to changing stability.
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Fig. 6 Difference between
global model background and
QuikSCAT observed wind speed
for cases with observed wind
direction within 60° of northerly
and southerly. (a) Daily averages
over the 50°S-30°S latitude
band; (b) daily averages over the
30°N-50°N latitude band. The
dashed vertical line indicates the
date of the operational upgrade
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Encouragingly, on operational implementation of PACKAGE, the differences between
the magnitudes of the biases in the different advection categories were reduced (although
certainly not eliminated). The most marked changes were in the cold advection categories
(southerly in the Southern Hemisphere, northerly in the Northern Hemisphere), where the
boundary layer are very largely unstable, and UWNL gives a speed increase. In the warm
advection categories, the average signals are smaller, as decelerations caused by SHARP_SEA
in the stable boundary layer are largely cancelled by accelerations caused by UWNL in the
convective boundary layer. On average there is a suggestion of a small deceleration (which
further reduces the differences between the biases in the two categories).

As an aside, the operational model actually applies a bias correction (not used in Figure 6)
to the QuikSCAT winds, which reduces the winds particularly at high wind speeds (Keogh
and Offiler 2006). Although this was developed partly through examination of model to
QuikSCAT differences (an approach which, on its own, would lead to a rather circular argu-
ment if these corrected winds were then used to evaluate model speed errors), some support
was also found from QuikSCAT to fixed platform comparisons. Relative to these corrected
winds, the biases (not shown) show much less of an annual cycle, and the model cold and
warm advection category winds are biased slow and fast respectively. The changes obtained
on implementation of PACKAGE in these two categories (acceleration and deceleration
respectively) then both appear individually beneficial.

@ Springer



130 A. R. Brown et al.

Fig. 7 Time series of monthly 2
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One minor problem associated with the use of SHARP_SEA should be acknowledged.
Although the boundary-layer scheme uses an implicit solver, the diffusion coefficients are cal-
culated explicitly. Over-weighting is used to help retain numerical stability, but the
introduction of the stability function that changes more rapidly with stability has made the
model more prone to developing spurious two-timestep oscillations in the stable boundary
layer. However, tests of a new boundary-layer solver (Wood et al. 2007) suggest that it can
remove this instability without otherwise degrading the results.

4.3 Surface Winds Over Land

Figure 7 shows a time series of monthly-averaged bias in 10-m wind speed over Europe at
T+12 (similar results are found at other forecast ranges). The results are consistent with past
experience with the Met Office and ECMWF models (Brown et al. 2006), with a fast bias
of around 0.4ms~! (giving errors of around 8% of the mean speed in winter, rising to 15%
in summer) at night (0000 UTC). By day (1200 UTC), the errors are small in winter, but
there is a slow bias in summer. For summers 2003—2005 this reached around 0.5ms~! (or
10% of the mean wind speed). The summer 2006 and 2007 results, after the implementation
of PACKAGE, are a little improved, with the April to August average slow bias reduced
to around 0.25ms~!. Similar accelerations relative to previous summers (of around 5% of
the mean value) were seen in daytime wind speeds over Asia and North America. These
speed increases are consistent with those that were seen in the case study tests. However, it
is worth noting that idealized tests (Brown and Grant 1997; Brown et al. 2006) suggested
that implementation of UWNL might be expected to give 10% increases in 10-m wind speed
in convective conditions. If such a speed-up had been achieved, the annual cycle in daytime
wind biases over Europe would have been almost eliminated (rather than just reduced). The
reason that it has not requires further investigation.

As an aside, the case study tests suggest that implementation of SHARP_ALL would sig-
nificantly reduce the wind speed biases seen by night, with a typical deceleration of 0.2ms™!
seen at stable points. The wind turning across the boundary layer is also increased (by an
average of around 4° in the summer cases and 6° in the winter ones). These changes would
also reduce the model biases. However, as noted previously, this option was not implemented
operationally due to problems with increased temperature biases.

5 Conclusions
This paper has documented changes that were recently made to the boundary-layer scheme
in the UK Met Office global operational NWP model. They have contributed to a consid-

erable improvement in operational verification scores that was obtained when they were
implemented along with a number of convection changes (to be described separately). It has
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also been possible to show the expected changes in near surface winds arising from more
efficient turbulent mixing in convective conditions, and, over the sea, decreased mixing in
stable conditions. These changes have significantly reduced long-standing model errors with
respect to observations.

The focus has been on the operational global NWP model. However, it is worth noting
that, consistent with the spirit of having a unified model, parallel changes have recently been
made to the regional NWP model and also to the latest version of the Met Office Hadley
Centre climate model (HadGEM2) that builds on the HadGEM model documented in Martin
et al. (2006). All three models now use UWNL (over land and sea), the revised marine surface
exchange formulation and the sharp function over the sea. However there are differences in
the stability function over land. As previously noted, the global NWP model still uses the
long-tails function, while the regional NWP model uses a blend between the long-tails func-
tion near the surface and sharp higher up, and the climate model uses the sharp function
everywhere. The reason why the climate model has been able to use sharp over land (while
the NWP model and other climate models often need more enhanced mixing) is not clear,
but may reflect differences in other errors (e.g. in cloud cover). In fact, some signs of a cold
bias over winter land are apparent.

Clearly further work is still required on stable boundary-layer mixing over land. Over
the sea, further attention to the stable boundary-layer representation would also seem to be
justified because, while the switch to SHARP_SEA significantly reduced the errors with
respect to QuikSCAT, it did not completely eliminate them. One possibility is to investigate
the effects of adopting a stability dependent Prandtl number. Testing of a new higher resolu-
tion sea-surface temperature analysis is also planned. Its use is likely to lead to the formation
of boundary layers that are more stable (with associated implications for the surface wind
strength and direction) when warm air advects across better resolved sea-surface tempera-
ture gradients. In weakly convective warm advection conditions, the issue of whether the
modelled boundary layer is typically too deep (as speculated by Brown et al. 2006) is worthy
of further investigation. Finally, while the introduction of non-local momentum mixing has
clearly been beneficial, it would seem to be appropriate to carry out a review of whether the
specific implementation is optimal.

References

Beare RJ, MacVean MK, Holtslag AAM, Cuxart J, Esau I, Golaz J-C, Jimenez MA, Khairoutdinov M,
Kosovic B, Lewellen D, Lund TS, Lundquist JK, McCabe A, Moene AF, Noh Y, Raasch S, Sullivan
P (2006) An intercomparison of large-eddy simulations of the stable boundary layer. Boundary-Layer
Meteorol 118:247-272

Beljaars ACM, Viterbo P (1998) Role of the boundary layer in a numerical weather prediction model. In:
Holtslag AAM, Duynkerke PG (eds) Clear and cloudy boundary layers. Royal Netherlands Academy of
Arts and Sciences, Amsterdam, pp 287-304

Brown AR, Grant ALM (1997) Non-local mixing of momentum in the convective boundary layer. Boundary-
Layer Meteorol 84:1-22

Brown AR, Beljaars ACM, Hersbach H, Hollingsworth A, Miller M, Vasiljevic D (2005) Wind turning across
the marine atmospheric boundary layer. Quart J] Roy Meteorol Soc 131:1233-1250

Brown AR, Beljaars ACM, Hersbach H (2006) Errors in parametrizations of convective boundary layer tur-
bulent momentum mixing. Quart J Roy Meteorol Soc 132:1859-1876

Candy B (2001) The assimilation of ambiguous scatterometer winds using a variational techniques: method
and forecast impact. Forecasting Research Technical Report No. 349, Met Office, FitzZRoy Road, Exeter,
UK

Chelton DB, Freilich MH (2005) Scatterometer-based assessment of 10-m wind analyses from the operational
ECMWEF and NCEP numerical weather prediction models. Mon Wea Rev 133:409-429

@ Springer



132 A. R. Brown et al.

Cuxart J, Holtslag AAM, Beare RJ, Bazile E, Beljaars A, Cheng A, Conangla L, Ek M, Freedman F, Hamdi
R, Kerstein A, Kitagawa H, Lenderink G, Lewellen D, Mailhot J, Mauritsen T, Perov V, Scheyes G,
Steenveld G, Svensson G, Taylor P, Weng W, Wunsch S, Xu K (2006) Single-column model intercom-
parison for a stably stratified atmospheric boundary layer. Boundary-Layer Meteorol 118:273-303

Edwards JM (2007) Oceanic latent heat fluxes: consistency with the atmospheric hydrological and energy
cycles and GCM modelling. J Geophys Res 112:D06115, doi: 10.1029/2006JD007324

Frech M, MahrtL (1995) A two-scale mixing formulation for the atmospheric boundary layer. Boundary-Layer
Meteorol 73:91-104

Keogh SJ, Offiler D (2006) SeaWinds revisited. Forecasting Research Technical Report No. 472, Met Office,
FitzRoy Road, Exeter, UK

King JC, Connolley WM, Derbyshire SH (2001) Sensitivity of modelled Antarctic climate to surface and
boundary-layer flux parametrizations. Quart J Roy Meteorol Soc 127:779-794

Lock AP, Brown AR, Bush MR, Martin GM, Smith RNB (2000) A new boundary layer mixing scheme. Part
I: Scheme description and single-column model tests. Mon Wea Rev 128:3187-3199

Lorenc AC, Ballard SP, Bell RS, Ingleby NB, Andrews PL, Barker DM, Bray JR, Clayton AM, Dalby T,
Li D, Payne TJ, Saunders FW (2000) The Met. Office global 3-dimensional variational data assimilation
scheme. Quart J Roy Meteorol Soc 126:2991-3012

Mahrt L (1987) Grid-averaged surface fluxes. Mon Wea Rev 115:1550-1560

Martin GM, Ringer MA, Pope VD, Jones A, Dearden C, Hinton TJ (2006) The physical properties of the atmo-
sphere in the new Hadley Centre Global Environmental Model (HadGEM1). Part I: Model description
and global climatology. J Clim 19:1274-1301

McCabe A, Brown AR (2007) The role of surface heterogeneity in modelling the stable boundary layer.
Boundary-Layer Meteorol 122:517-534

Rawlins F, Ballard SP, Bovis KJ, Clayton AM, Li D, Inverarity GW, Lorenc AC, Payne TJ (2007) The Met
Office global 4-dimensional data assimilation system. Quart J Roy Meteorol Soc 133:347-362

Viterbo P, Beljaars ACM, Mahouf J-f, Teixeira J (1999) The representation of soil moisture freezing and its
impact on the stable boundary layer. Quart J Roy Meteorol Soc 125:2401-2426

Wood N, Diamantakis M, Davies T (2007) A monotonically damping, second-order accurate, unconditionally
stable, numerical scheme for diffusion An improved implicit predictor-corrector scheme for boundary
layer vertical diffusion. Quart J Roy Meteorol Soc 133:1559-1573

@ Springer


https://domicile.ifremer.fr/10.1029/,DanaInfo=dx.doi.org+2006JD007324

	Upgrades to the Boundary-Layer Scheme in the Met Office Numerical Weather Prediction Model
	Abstract
	Introduction
	Boundary-Layer Scheme Changes
	Modification of Stable Boundary-Layer Turbulent Mixing Over the Sea
	Introduction of Non-Local Momentum Mixing
	Testing Strategy and Operational Model Upgrade
	Results
	Effects on Surface Stress and Large-Scale Evolution
	Surface Winds Over the Sea
	Surface Winds Over Land
	Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


