HiGEM Midterm Report

1. Overview
HiGEM is a national UK programme in ‘Grand Challenge’ high resolution modelling of the global
environment between Natural Environmental Research Council and the Hadley Centre. It was
funded as a NERC consortium project and commenced in January 2004.
The scientific goals of HiGEM are:
• To achieve a major advance in the fidelity of simulations of the Global Environment by
developing an Earth System Model, HiGEM, with unprecedented resolution,
comprehensively evaluated and verified.
• To perform a ‘Grand Challenge’ multi-century simulation with the HiGEM model.
• To improve our understanding of processes that lead to interactions between small and
large spatial scales, and between high and low frequencies, within the Earth system.
The HiGEM model is based on the new Hadley Centre climate model HadGEM1. The horizontal
resolution has been increased to ~1° (N144) for the atmosphere, and 1/3° for the ocean and seaice. At 1° atmosphere resolution, weather systems - the building blocks of climate - are much
more realistically represented than at 3° which is the typical resolution of current climate models.
At 1/3° ocean resolution, small-scale eddies are represented, steep gradients such as in western
boundary currents are better resolved, and the ocean is much less diffusive than in current climate
models.
There are also important strategic goals for the project. These are:
• To integrate the global environment modelling activities across NERC.
• To support the formation of a national partnership between NERC and the Hadley Centre.
• To exploit the major increases in computing power afforded by HPCx and the Earth
Simulator (Japan), and in the future HECToR.
No single group in the UK has the expertise to develop, evaluate and exploit HiGEM. The
complexity of the model and huge task in analysing the output requires a multidisciplinary
consortium. The HiGEM consortium contains expertise in all aspects of Earth System Modelling.
The members of the consortium are:
• NCAS Centre for Global Atmospheric Modelling (CGAM)
• British Antarctic Survey (BAS)
• Centre for Ecology and Hydrology (CEH)
• Environmental Systems Science Centre (ESSC)
• National Oceanography Centre (NOC)
• University of East Anglia (UEA)
• British Atmospheric Data Centre (BADC)
• Hadley Centre (HC)
The HiGEM project has also greatly benefitted from very close links to the UK-Japan
collaboration that is based at the Earth Simulator in Japan.
Significant progress has been made in the first 20 months of the project. First, considerable
preparatory work was undertaken before the new model could be run. This involved development
of an ocean bathymetry, new ancillary datasets appropriate for high resolution, and the porting of
the HadGEM1 model to HPCx. This final task was delayed because of the late release of the
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HadGEM1 model by the Hadley Centre. Second, tests of the HiGEM atmosphere only and ocean
only models were undertaken. This allowed testing of changes to the code for running the models
at high resolution, testing of bug fixes and code optimisations. Third, two integrations of the
coupled HiGEM model of approximately 5 years have been performed. The first integration
highlighted the need for some changes to the ocean and sea-ice models. Then there followed
extensive validation of all aspects of the model. Services for data archiving, discovery and
extraction have been developed to handle the very large amount of data produced by the HiGEM
model. A website (http://www.higem.nerc.ac.uk) has been developed for public dissemination and
internal project communication.
At all stages there was close collaboration amongst the members of the consortium and with the
Hadley Centre. In the period under review there were 7 consortium meetings. There were also a
number of access grid meetings which proved a very effective medium for communication within
the consortium.
Major milestones of the project (so far) and dates when these were achieved are:
• Creation of ocean bathymetry (May 2004)
• Final version of HadGEM1 received from Met Office (July 2004)
• Validation of port of proto-HadGEM1 to HPCx (September 2004)
• Creation and checking of N144 ancillary files (September 2004)
• First 1/3° ocean only integrations successfully run (September 2004)
• First N144 atmosphere only integrations successfully run (January 2005)
• First tests of coupled model (February 2005)
• First (~5 year) coupled model integration performed (June 2005)
• Second (~4 year) coupled model integration performed (August 2005)
The following sections give more details on the work undertaken (showing the groups involved)
and outcomes achieved. The final section outlines remaining issues, next steps and future
deliverables.
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Figure 1. Key components in the development of the HiGEM Earth System Model
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2. Bathymetry and Land/Sea Mask (UEA, BAS, NOC)
The pathway of oceanic currents are guided by the worlds landmasses and submarine topography,
e.g. the Greenland-Scotland ridge, Drake passage, and Indonesian through flow. It is important to
represent these topographic features correctly to get a realistic global ocean circulation. Hence
bathymetry for the ocean model and a land/sea mask was interpolated from the new GEBCO 1/12°
digital atlas. This gives a much more accurate representation of trenches, sills, and coastlines
compared with HadCM3 (previous generation Hadley Centre model) as shown around Australia in
the Figure 2.

Figure 2. Bathymetry from HadCM3 (top) and HiGEM (bottom).

Checks of the HiGEM bathymetry were made for over 60 key sills and through flows (Thompson,
1995). In some locations adjustments were made to make sure they are realistically represented.
For example, Figure 3 shows the Faroe Bank Channel in HiGEM compared to a ship and satellite
derived dataset (Smith and Sandwell, 1997). In addition the coastline around Antarctica was
carefully compared with a high-resolution BAS dataset and adjustments made in ice shelf regions.

Figure 3. Bathymetry in the Faroe Bank Channel: HiGEM (left), Smith & Sandwell (right).
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Once the land/sea mask and bathymetry were finalised an ocean start dump was created. This
included initial potential temperatures and salinities interpolated from the 1/4 degree World Ocean
Atlas 2001 (Boyer et al., 2005) and initial ice fields interpolated from the HadGEM1 start dump.
In addition, the model required a new ancillary file to parameterise the freshwater flux from
icebergs and a file containing basin indicies for the meridional tracer transport diagnostics.

3. New Ancillary Files (CGAM, ESSC, CEH, BAS)
The model requires input datasets (ancillary files) to provide information about surface boundary
conditions and other climatological fields it does not predict. The ancillary files were created for
the N144 atmosphere providing fields with significant small-scale detail (see Figures 5&6 below).
The list of these files include:
• Orography – derived from the 1’ GLOBE dataset. This gives an accurate representation and
corrects for the errors around Antarctica present in HadCM3 (see Figure 4).
• Land surface vegetation – fraction of the 9 land surface types derived from the IGBP dataset
(see Figure 5 for the distribution of broad leaf tree fraction).
• Ozone – derived from the SPARC climatology.
• Aerosol emissions (see Figure 6 for distribution of SO2 emissions).
The starting point in creating the ancillary files is deriving the land fraction from the land/sea mask
of the ocean model. Grid points where:
• fraction > 0.01 are land points.
• 0.01 < fraction < 1 are coastal points.
The coastal tiling scheme in the model combines ocean and land surface fluxes to give a more
detailed representation at land/sea boundaries. Once the new ancillary files were created, they
were carefully checked for consistency and problem points (particularly on remote islands) were
replaced with realistic data.

.

Figure 4. Difference in orography and land/sea mask for Antarctica between HiGEM (black coastline) and
HadCM3 (green coastline). HiGEM agrees well with independent BAS datasets.
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Figure 5. Distribution of broad leaf tree fraction.

Figure 6. Distribution of SO2 emissions.
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4. Model Development and Optimisation (UEA, CGAM, ESSC)
A crucial step in transferring the HadGEM1 model from the Hadley Centre running on a NEC SX6
computer to the IBM p690 at HPCx is validation that the model gives the same results. The
different architecture of the two computers means the model will not bit compare, however the
divergence of the solutions should be sufficiently small and the models should have the same
climate. This was carefully checked with a prototype version of the HadGEM1 model. The final
version of HadGEM1 was transferred to HPCx in July 2004 and work undertaken to produce
HiGEM. Changes to the atmosphere model included:
• Increasing the horizontal resolution from 1.875° longitude by 1.25° latitude to 1.25°
longitude by 0.83° latitude (the vertical resolution remained the same with 38 levels).
• Decreasing the timestep to 20 minutes.
• Increasing the Fourier filtering around the poles.
• Modifying the targetted diffusion scheme to control grid point storms.
Changes to the ocean model included:
• The horizontal resolution was increased to 1/3° longitude by 1/3° latitude.
• The vertical resolution of 40 levels is the same as HadGEM1 but in HiGEM the level
distribution is derived from an analytic stretching which makes the vertical differencing
2nd order accurate. The near surface box thicknesses are O(10m) as in HadGEM1 but the
maximum thickness in HiGEM is 300m rather than the 345m used in HadGEM1 in order
to better resolve the deep water mass structure.
• HadGEM1 uses the Cox polynomial approximation to the equation of state. HiGEM uses the
McDougall et al. (2003) equation of state, which is more accurate, is valid over a wider
range of temperatures and salinities and is also computationally more efficient.
• At the horizontal resolution of HadGEM1 the Visbeck scheme was used to determine the
flow dependent tracer thickness diffusivities. At higher resolution this is not necessary and
HiGEM uses a constant value, currently 250 m2 s-1.
• A number of other ocean parameters have been tuned to match the higher horizontal
resolution of HiGEM (e.g. timestep, horizontal mixing parameters)
These model developments were greatly assisted by discussions with the UK-Japan collaboration.
In addition, there was significant work undertaken to identify and fix a number of bugs in the
ocean code that gave rise to non-conservation of tracers and erroneous calculation of the vertical
velocities.
Two additional physics options have also been implemented in the ocean component of HiGEM.
Firstly a bottom boundary layer scheme has been introduced to improve the representation of
overflows. This had a significant effect in changing the T/S characteristics of the Mediterranean
Overflow water but may require tuning for different overflow regions. Secondly, a partial cell
option is included which gives a better representation of the bottom topography and should
improve the path of currents (for example the North Atlantic Current) and the propagation of
topographic waves. Testing of these additional physics options is ongoing.
A final step has been to optimise the model code. The unoptimised code (Figure 7, top panel)
spends nearly 60% of the time on interprocess communication and barriers, in the optimised code
(Figure 7, bottom panel) this has been reduced to 35%. This gives an overall 62% speedup of the
code.
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Figure 7. Time spent in each code section: unoptimised code (top), optimised code (bottom), the total code
is the left hand entry. Total times are blue lines, coloured bars are time spent on interprocess
communication and barriers (note different vertical axis). Tests were on 128 processors on HPCx.
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5. Diagnostics and Data Services (All groups, BADC)
Significant discussion was undertaken to determine what diagnostics should be archived from
HiGEM integrations. This was organised into packages (see table below) so that extra diagnostics
could be easily turned on during special observing periods. The total output for a 100 year
integration is ~34 Tbytes (at 64 bit resolution).

Software was developed to write output to a primary archive at HPCx and also to transfer it to the
BADC where there is a web interface for data discovery and data extraction.

Figure 8. Snap shot of web page from the BADC illustrating the HiGEM data discovery service.
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6. Overall Model Performance
Overall, the results from the second (~5 year) HiGEM integration are very encouraging. Figure 9
(top panel) shows the average sea surface temperature error. In most locations the error is less than
1°C. Particularly noteworthy is the small error in tropical Pacific, this is a region with persistent
cold errors in HadGEM1 (see bottom panel). An accurate simulation of the mean state of the
tropical Pacific is important for the realistic simulation of ENSO.

Figure 9. Annual mean SST errors from HiGEM (top) and HadGEM1 (bottom). Differences are from
Levitus (1994) climatology.
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The reduction in SST errors in the equatorial Pacific in HiGEM compared to HadGEM1 is
associated with a more realistic distribution of zonal wind stress (see Figure 10) − this drives the
upwelling of cold water at the equator.

Figure 10. Profile of annual mean zonal wind stress averaged between 5°N and 5°S across the Pacific.
SOC climatology (black), HiGEM (blue), HadGEM1 (red).

The top of the atmosphere is very close to being in radiative balance with the net flux being less
than 0.1 Wm-2. Figure 11 shows time series of the global ocean temperature and salinity. The
temperature has a large seasonal variation but over the 4 years the mean appears to be stable.
However the salinity has a downward drift that is probably due to melting of Arctic sea ice (see
section 11).

Figure 11: Time series of volume mean global ocean temperature (left) and salinity (right)
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7. Atmosphere Validation (CGAM, ESSC)
A powerful tool for diagnosing atmospheric fields is the validation note package used at the
Hadley Centre. This has been ported to HiGEM and used to assess the results of our experiments.
Output from this package for December-February mean sea level pressure is shown in Figure 12,
and precipitation in Figure 13.

Figure 12. DJF mean sea level pressure from HiGEM (left) and difference from ECMWF analyses (right).

Figure 13. DJF precipitation from HiGEM (left) and difference from CMAP (right).

Prominent features of the plots include the enhanced precipitation over the maritime continent
(this corrects the dry bias in the atmosphere only model and is associated with the simulation of
higher SSTs compared to AMIP particularly in the coastal seas of the maritime continent), and the
weak Aleutian low (this is possibly associated with the dry bias in western tropical Pacific). In
northern hemisphere summer the model has a warm/dry bias over Eastern Europe and Asia, and
almost a complete absence of rainfall over India during the monsoon. These errors are also present
in HadGEM1. In HiGEM the Indian monsoon circulation sets in approximately a month late.
However by July, the monsoon circulation is well represented with a good simulation of the
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Somali jet, yet there is not enough precipitation over Indian, the Northern Arabian Sea, and the
Bay of Bengal (see Figure 14). The systematic errors in the Indian monsoon are very similar
between HiGEM and the atmosphere only model. To further investigate the error, a number of
model sensitivity experiments were performed. To test if the monsoon is stuck in a break phase in
the model, the Indian land surface temperatures were increased by decreasing the surface albedo.
To test if the Indian land surface is too dry, the land soil moisture was increased. Neither of these
experiments had an impact on Indian rainfall. To test if excessive rainfall in the Tropical Indian
Ocean is inhibiting the Indian Monsoon, a cold SST anomaly was imposed in the Tropical Indian
Ocean. To test if the convection is inhibited by cold dry air aloft, the surface temperatures over the
Sahara and Saudi Arabia were increased. Both these changes had a small positive impact on
Indian rainfall. However surprisingly, the largest impact was found by including mineral dust in
the model (see Figure 15 and section 9). This also improved the distribution of precipitation over
Southern China and the Western Pacific Ocean. The mechanism by which mineral dust impacts
the monsoon is currently being investigated.

Figure 14. JJA 850 hPa winds and precipitation from HiGEM (left) and ERA40/CMAP (right). Reference
vector is 10 ms-1 and contour interval is 2 mm day-1.

Figure 15. Difference in JJA 850 hPa winds and precipitation from atmosphere only integration
(HadGAM1) with and without inclusion of mineral dust. Reference vector is 10 ms-1 and contour interval is
4 mm day-1.
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Tropical cyclone activity in HiGEM has been analysed by using the tracking algorithm of Hodges
(1994,1995). The tracks for one year are shown in Figure 16. There is strong activity in the Pacific
with a number of powerful cyclones curving up towards Asia. However the tropical cyclone
activity in the Atlantic does not appear realistic, e.g. compared to tropical cyclone tracks from
ERA40 data (not shown). In HiGEM, the distribution of tracks of the easterly waves over the
subtropical north Atlantic appears rather diffuse when they should be much more tightly bunched.
It is possible that this is due to HiGEM having a low level easterly jet which is too weak because
of temperatures over the Sahara being too cold. It is also evident from Figure 16 that only very few
easterly waves develop into hurricanes over the Caribbean. It is possible that this is due to the
model having somewhat cold SSTs in the subtropical Atlantic (see Figure 9). An area of future
research for HiGEM will be to study the interaction of the tropical cyclones with the underlying
ocean. It is known that tropical cyclones mix cold water up to the surface. How this affects the
development of cyclones and what happens as the cyclones pass over the very warm western
boundary currents will be studied in future research.

Figure 16. Tropical cyclone tracks from one year of HiGEM. Top panel, western hemisphere, bottom panel,
eastern hemisphere. Colour scale indicates intensity of 850 hPa vorticity in units of 10-5 s-1.
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8. Land Surface Validation (CEH)
The land surface in HiGEM has been validated against observations and results from the Global
Soil Wetness Project 2 (GSWP2), in which the land surface model was driven by observed nearsurface meteorological conditions. The GSWP2 data provides a way to separate those errors that
are solely due to errors in the land surface scheme from those due to biases in the HiGEM climate.
The simulated seasonal cycle of the extent of snow-covered land has been compared with satellite
observations (SSMI, Ferraro et al., 1996), and Figure 17 shows results averaged over North
America. The maximum snow-covered area is too large in HiGEM and the annual cycle is delayed
by one or two months. Also shown are the results of off-line simulations (GSWP2), which
illustrate that given realistic driving data, the amplitude and phase of the annual cycle can be
correctly captured. An important factor in determining the extent of snowcover is the amount of
snow that falls onto the land. The errors in the seasonal cycle of snowcover can be seen to be
qualitatively consistent with those in simulated snowfall (Figure 17), in particular the excessive
winter and spring snowfall, suggesting that a better simulation of snowfall would lead to a more
realistic land surface state.
A problem in HiGEM, which is also present in HadGEM1, is the tendency for a warm bias over
continental regions in summer. Figure 18 shows surface fluxes averaged over Eastern Europe.
Insufficient incoming solar radiation early in the year is replaced by excesses of 50Wm-2 or more
in the second half of the year. The extra energy incident on the HiGEM land surface is largely
dissipated in enhanced turbulent fluxes of heat and moisture. Despite a dry bias in summer (not
shown), the combination of plentiful antecedent soil moisture and radiation means that the model
sustains high rates of evaporation throughout the summer and autumn. The enhanced sensible heat
flux will tend to warm the atmosphere, and indeed the errors in the temperature at 1·5m show
similar timings. Although there are feedbacks between the land surface and the atmosphere, such
gross errors, particularly in the incoming radiation, suggest that the primary cause is not the land
surface model but the atmospheric forcing that is imposed on it.
Excessive incoming shortwave radiation is not confined to Eastern Europe, indeed the annual
average in Figure 19 illustrates that this is a problem over almost all land areas. The annual course
of the sun means that errors in individual seasons can be considerably larger, particularly over
mid-latitude continental areas. The surface radiation errors may well stem from errors in the
simulation of the extent and properties of clouds, and this is an area of active research.
Observations of river flow can be thought of as measuring the integrated effect of all processes at
all locations within a catchment, and therefore are a useful validation tool. For example, Figure 20
shows the modelled and observed flow in the Volga river, which drains a large part of the Eastern
European area discussed above. Comparison of HiGEM with this independent dataset shows
insufficient flow during the latter part of the year, consistent with the earlier analysis of a dry bias
with excessive evaporation. Other catchments show a mixture of effects – excess springtime flow
in the Ob can be seen to be followed by depressed flow, possibly a signal of excessive snowcover
in spring and the warm, dry bias of summer. Further work is required to investigate the areaaveraged components of the water balance for the major catchments.
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In summary, validation of the land surface is progressing on several fronts, and these show
complementary results in many areas of the globe. In many cases it seems that biases in the
HiGEM climate are a major cause of biases in the land surface state, a case in point being that of
excessive incoming solar radiation. However, there are undoubtedly other areas for improvement,
both internal and external to the land surface model, and work on all aspects is ongoing.

Figure 17. Snow-covered area and snowfall averaged over North America. Left: Snow-covered
area from observations (Special Sensor Microwave/Imager), HiGEM and off-line simulations
(GSWP2). Right: Snowfall from observations (GSWP2/Global Precipitation Climatology Center)
and HiGEM.

Figure 18. Comparison of HiGEM and observations or GSWP2 for Eastern Europe (45°-60°N
20°-60°E). Top left: downward solar radiation, top right: sensible heat flux, bottom left: latent
heat flux, bottom right: air temperature.
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Figure 19. Annual average downward shortwave radiation at the surface: the difference between HiGEM
and the Surface Radiation Budget observations used in GSWP2.

Figure 20. Observed (Global Runoff Data Centre) and modelled river flow. The shaded area indicates the
minimum and maximum flows ever observed in each month. Left: the Volga, right: the Ob.

9. Radiation and Dust Validation (ESSC)
Radiance measurements from space provide a powerful source of information with which to
evaluate the mean state and the time and space variability of HiGEM. The global radiation budget
(the reflected solar and emitted thermal radiation) has been compared with data from the Earth
Radiation Budget Experiment (Harrison et al., 1990). The coupled model is in excellent balance
overall, although the model is darker and emits more thermal radiation than is observed; this is
being investigated. Recent data from the Geostationary Earth Radiation Budget (GERB)
instrument on the Meteosat-8 satellite (Harries et al., 2005) have enabled a more detailed
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evaluation of the model’s simulated diurnal cycle over Africa; some results from an empirical
orthogonal function (EOF) analysis are shown in Figure 21.

Figure 21. First principal component (upper) and empirical orthogonal function (lower) of the
diurnal variation of the outgoing longwave radiation for July from GERB data for 2004 (left) and
from an atmosphere-only integration of HiGEM at N144 resolution (right).
The radiation scheme was called every timestep (20 minutes) in the model to resolve the diurnal
cycle properly. Comer et al. (2005) show that the first principal component (PC) in the data is
mainly sensitive to clear sky regions: hence the large EOF values over the deserts and the
characteristic diurnal variation. The second PC (not shown) describes the delayed convective
cloud response to the surface heating. While the model also shows maxima over the deserts, there
are negative values over the ITCZ, not found in the data. This is due to the fact that the model's
convection peaks too early in the day and is nearly synchronized with the solar heating. The signal
of this error appears as a large negative contribution to the first PC. A further notable difference is
an over-estimate of the OLR variations over the Sahara, due to the fact that this integration of the
model ignores the radiative effects of mineral dust aerosol, which are particularly large in this
region (see below).
Comparisons with an improved and extended version of the CLAUS dataset analysed by Yang and
Slingo (2001) will be used to evaluate the temporal variability of the cloudiness simulation over
the whole globe, on timescales from diurnal up to decadal. A simple methodology to facilitate
such comparisons has been developed especially for HiGEM: this extracts information from the
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model's radiation code to provide a close approximation to the brightness temperatures observed
by the satellite channels contributing to the CLAUS dataset.
One application for HiGEM is to provide improved simulations of the regional distributions of
anthropogenic and natural aerosols. Wind-blown mineral dust is of particular importance, because
it absorbs solar radiation significantly. The Sahara provides the largest source of mineral dust on
the planet and the effect on the radiation balance can be very large, as noted earlier. Figure 22
shows the mass distributions from a HiGEM integration that uses the dust scheme developed by
Woodward (2001). The smallest particles are spread almost evenly over the globe, but as the size
increases (and hence the deposition becomes increasingly effective) the distributions become more
localised near the source regions. The largest particles are confined close to the sources, although
even these are transported some distance. These distributions, including the total mass loading
shown in Figure 23, are being compared with simulations from other climate models and are being
evaluated using satellite retrievals and independent radiation budget measurements.

Figure 22. Mass distributions of wind-blown mineral dust in six size categories, from the smallest
(upper left) to the largest (lower right) in a HiGEM integration at N96 resolution.

Figure 23. Total column mass of wind-blown mineral dust from the model.
18

10. Ocean Validation (NOC, UEA)
The volume transports through critical sections of the four-year integration appear to be within the
bounds of observations and other models of similar resolution (Figure 24). The spin-up of the
barotropic circulation is fast so volume transports should become relatively stable after the first
year of integration. However, the circulation will continue to adjust from the initial conditions for
several decades. In summary: we find that volume transports through the Florida Strait are on the
low side. Historically observations have suggested transports of the O(30Sv) (Niiler and
Richardson, 1973). Transports further upstream through the Yucatan Channel have be observed to
be between 23Sv and 33Sv by Ochoa et al. (2001) and more recently 23.8Sv ± 1Sv by Sheinbaum
et al. (2002). These values are larger than suggested in our model integrations. Tanahara et al.
(2002) suggest that the strength of the Yucatan flow and thus the transport through the Florida
Strait may be influenced by either the unrealistic dissipation of energy or the inadequate resolution
of the topography in numerical models. The Indonesian Through Flow (ITF) in the model
integration is somewhat elevated but falls within the upper bounds of observations, with a
preference to flow through the Makassar Strait in agreement with observations from Gordon et al.
(1999). The elevated transport in the ITF from the Pacific to the Indian Ocean arises from large
transports through the Halmahera Strait to the north of the Indonesian Archipelago and the
Lombok Strait the south. Shallowing of the topography in and around these straits in the model has
little or no effect as a large proportion of the flow is in the upper water column. The elevated
transport through the Indonesian Archipelago may be driven in part by the relatively strong winds
in the Southern Ocean, which also drive an overly strong Antarctic Circumpolar Current.
Transport through the Denmark Strait, Bering Strait, Fram Strait and over the Greenland to
Scotland submarine ridge system are somewhat on the high side. It must be noted, however, that
the topography used in these short integrations is generally too deep in anticipation of the
implementation of partial cells in future runs. This may lower the volume transport through some
of the critical sections and may improve the pathway of the large-scale circulation.

Figure 24. Volume transports through critical sections (Sv). Note the scale on the horizontal axis is
nonlinear. There are no observational values for the Iceland to Faroes and Faroes to Scotland sections.
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Figure 25. Northward heat transport in PW (1PW=1015W) for the HiGEM ocean (solid black line), gyre
(horizontal) component red line), overturning (vertical) component (blue line), NCEP derived estimate of
Trenberth and Caron [2001] (dashed black line). The error bars indicate direct ocean estimates (note there
are two estimates at 24oN). Upper panel is for the Atlantic and the lower panel is for the Global Ocean.

The oceanic northward heat transport in HiGEM is broadly comparable with the direct and indirect
estimates presented by Trenberth and Caron (2001) and the references therein. There is
considerable uncertainty in the estimates presented by Trenberth and Caron (of the order of 0.5PW
between 40oS and 40oN). The largest differences occur in the region of the peak northward
transport in the North Hemisphere (both Pacific and Atlantic), where the model has a smaller
transport than all but one of the direct estimates. This difference is due to the combined effect of a
weak meridional overturning in the North Atlantic and the Indonesian throughflow being too
strong.
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Increasing the horizontal resolution of the model to an eddy permitting 1/3o longitude and latitude
has, as one would expect, enhanced the eddy activity in the ocean and in places resolved largerscale eddy features e.g. Agulhas eddies (see Figure 26). In this example we note the propagation of
Agulhas eddies transporting heat from the Indian Ocean into the South Atlantic. This process is
very important when considering the climate of the ocean and may also be significant when
considering local air-sea interaction (de Ruijter et al., 1999). The frequency of Agulhas eddies is
consistent with observations (Goñi et al., 1997) averaging around four per year. However, there is
little variation in trajectory and the eddies are dissipated too soon after entering the South Atlantic
Ocean. This is seen in the sea surface height (SSH) variability of the region when compared to
observations (see Figure 27). The amplitude of the SSH variability is generally less in the model
and is focussed along a single axis into the South Atlantic, whereas in the observations the SSH
variability signal spans a greater area. The SSH variability signal observed in this short integration
is, however, deemed satisfactory when compared to models of similar horizontal resolution [c.f.
OCCAM 1/4o, Coward and de Cuevas, 2005]. It is only when approaching high resolution that the
behaviour of Agulhas eddies becomes more realistic (c.f. OCCAM 1/12o,
http://www.soc.soton.ac.uk/JRD/OCCAM/). Other areas of high SSH variability (eddy energy) are
also picked out by the model, including the Gulf Stream, Kuroshio and Antarctic Circumpolar
Current. Tuning of the Visbeck parameters (Visbeck et al., 1997) in the Gent and McWilliams
scheme (Gent and McWilliams, 1990), which parameterises the effects of unresolved eddies in the
model, has improved the ocean simulation.
Analysis of model output in conjunction with hydrographic observations is limited by the length of
integration available. However, a comparison is useful to check whether upper ocean properties
and frontal features are not significantly drifting. Figure 28 shows a comparison of the salinity
field between year 4 of the model integration and hydrographic data along WOCE line A23 in the
Southern Ocean. The model at 1/3o resolution is performing well in this region maintaining the
upper ocean structure that can be seen in the observations. Other regions of the model do not fare
as well as this. The Asian side of the Arctic Ocean warms significantly during the summer due to
the retreat of the sea-ice, which itself may result from either winds which are too strong, or ice
which is too weak. In addition, anomalously strong advection of ice into the Subpolar North
Atlantic Ocean results in a freshening of the surface layer there. However, in general, undertaking
comparisons with hydrographic sections provides a useful tool in assessing model performance
and identifying errors. With longer integrations the technique of volumetric analysis may also be
used to assess the natural drift in water mass characteristics. We have also looked in more detail at
the time variability of key areas of the oceans. Figure 29 shows the example of the Bering Strait.
When compared to a recently constructed climatology (Woodgate et al., 2005) we find that the
model is capturing not only the extrema of the water mass characteristics, but also reproduces a
realistic annual cycle. As we have previously shown in Figure 24 the mean transport is a little high
through this strait so once the partial cells have been implemented the transports will be reexamined, but again there is evidence that the model is capturing the seasonal variability seen in
the observed transports.
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Figure 26. Propagation of Agulhas eddies into the South Atlantic Ocean. Overlaid on the
temperature maps are sea surface height contours at 15cm interval.
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Figure 27. Sea Surface Height variability (cm), satellite observations (left), HiGEM (right) in the region of
the Agulhas eddies as shown in Figure 26.

Figure 28: Comparison to hydrographic observations. The salinity of WOCE section A23 (top left), in the
southern ocean, is shown in comparison to that of the model in year 4 (top right). The cruise track between
South America and Antarctica is also shown.
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Figure 29: Near bottom temperature and salinity and total transport at the Bering Strait. Black lines and
grey shading are climatological data with errors constructed from observations by Woodgate et al. (2005).
The blue lines are data from HiGEM.

11. Sea Ice Validation (BAS)
The sea ice fraction, and ice velocities have been validated against observations for both
hemispheres. Figure 30 shows ice fraction over northern hemisphere from HiGEM and Comiso
observations (Comiso, 1999) in March (ice fraction maximum) and September (ice fraction
minimum). While a good comparison with observation is achieved in March, sea ice extent and
fraction is much less than observations in September.
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Figure 30. March sea ice fraction from HiGEM (top left) and Comiso climatology (top right), September
sea ice fraction from HiGEM (bottom left) and Comiso climatology (bottom right).

Northern Hemisphere sea ice area in HiGEM is compared with observations, HadGEM1 and
HadCM3 in Figure 31. HiGEM performs better and is closer to observations in northern
hemisphere winter, but falls behind in summer and has as low ice area as that in HadCM3.
Analysis shows that in the spring and summer, the sea ice retreats back to the Beaufort Gyre and
exposes the underlying ocean to the atmosphere. This results in late summer surface temperatures
in the Barents Sea and to the north warming by up to 7°C. Figure 32 shows both the ice depth and
ice velocity in November. In contrast to observations (not shown) sea ice is transported away from
the Canadian archipelago and the northern coast of Greenland leading to dynamical loss in this
area. Considering the large interannual variability of the polar regions and the short length of the
run this might not be an actual problem in the model, but rather due to an anomalous model year
and a longer run may establish this. However, a new HiGEM integration with an increased ice
strength parameter is underway, first year results suggest a better sea ice representation in the
Arctic summer.
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Figure 31. Northern hemisphere monthly mean sea ice area for HiGEM, HadGEM, HadCM3 and Comiso
Observations.

Figure 32. November sea ice depth (left) and ice motion (right) from HiGEM.

In the southern hemisphere (see Figure 33) there is a good overall comparison between HiGEM
and Comiso observations for sea ice concentration in September (sea ice maximum) and in March
(sea ice minimum).
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Figure 33: September sea ice fraction from HiGEM (top left) and Comiso climatology (top right),
March sea ice fraction from HiGEM (bottom left) and Comiso climatology (bottom right).

The southern hemisphere monthly mean total ice area is shown in Figure 34, HiGEM (in pink) is
the closest to Comiso observations (in green) of all the models. The good overall ice area in
HiGEM is partly due to compensating effects. For example in September, HiGEM is closer in sea
ice area to Comiso observations, while HadGEM1 (in brown) is much higher. Figure 35 shows the
difference in sea ice concentration from each model run compared to Comiso observations.
HiGEM produces less ice in the Weddel sea which compensates for the excess in sea ice around
90°E, HadGEM1 has generally positive differences and hence its total ice area is bigger than
observed. In general a longer run is needed to be able to assess the differences in relation to sea ice
variability.
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Figure 34: Southern hemisphere monthly mean sea ice area for HiGEM, HadGEM, HadCM3 and Comiso
Observations.

Figure 35: September Sea ice concentration difference between HiGEM and Comiso climatology (left), and
between HadGEM and Comiso climatology (right)
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12. Coupled Atmosphere-Ocean Processes (CGAM)
Because HiGEM is a high resolution atmosphere coupled to a high resolution ocean, it can
simulate local coupled air-sea interactions that have previously only been inferred from high
resolution satellite measurements. For example, Figure 36 shows the annual mean Ekman pumping
observed by Quickscat (Xie, 2004) (top) and from HiGEM (bottom). The narrow streak of intense
upwelling in the Gulf Stream is clearly visible in both plots.

Figure 36: Annual mean Ekman pumping over the Atlantic from Quickscat (left) and HiGEM (right). Units
are 10-7 N m-3.

Furthermore HiGEM also simulates a very interesting local coupled air-sea interaction in the
eastern tropical Pacific. Figure 37 shows SSTs in the eastern tropical Pacific from TMI
observations (top) and HiGEM (bottom). The SSTs show strong local variability from the
presence of tropical instability waves which mix warm water into the equatorial cold tongue. The
overlying winds are also affected by the variability in SSTs with the largest divergence in wind
stress (see Figure 38) in Quickscat observations and from HiGEM occurring in regions of steep
SST gradients. This could have a systematic effect on the equatorial wind stresses and hence ocean
upwelling – this can be represented in HiGEM but not for instance in the lower resolution
HadGEM1. This effect will be quantified by further investigation.
29

Figure 37: Snapshot of SSTs in the eastern tropical Pacific from TMI (top) and HiGEM (bottom). Units
are °C.

Figure 38: Divergence of wind stress (colours) with SSTs overlaid (contours) from Quickscat (top) and
HiGEM (bottom). Wind stress units are 10-7 N m-3. Observations from Chelton et al. (2001).
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11. Remaining Issues, Next Steps, and Future Deliverables
There are several remaining issues for the HiGEM project, some relate specifically to the HiGEM
model, while others are also shared by the HadGEM1 model. A number of “Tiger Teams” have
been formed to coordinate the tackling of these issues which will pool together the resources of
HiGEM and collaborations with the Hadley Centre. The four main issues are:
1. Northern oceans and sea ice. The simulation of Arctic sea ice in HiGEM is unrealistic
and causes the northern oceans to drift. Furthermore, advection of sea ice by the ocean
currents can produce a numerical instability which limits the length of integrations that can
be performed.
2. Summer land surface biases. In many continental regions the summer land surface has a
warm bias and sometimes also a dry bias. This problem is also apparent in HadGEM1.
3. Lack of an Indian Monsoon. There is very little rainfall over India from June to August
even though the monsoon flow into India is well captured. This problem is also common to
HadGEM1.
4. Wrong seasonal cycle in the tropical East Pacific. Even though HiGEM appears to
significantly improve over HadGEM1 in the simulation of tropical Pacific, there are still
some significant errors including a split ITCZ and a wrong seasonal cycle in SSTs in the
tropical East Pacific.
Next Steps
A new integration of HiGEM has been started with a higher value of the ice strength parameter to
address the problem with the Arctic sea ice distribution. A number of ideas have been formulated
to solve the problem of the sea ice instability. The version of the Unified Model is in the process
of being upgraded from 5.5 to 6.1. This upgrade will allow recent updates from the Hadley Centre
to be included into HiGEM. It is planned to start a several decade integration of HiGEM by the
end of 2005. The Tiger Teams will continue to address the issues outlined above by performing
further analysis and sensitivity studies with the model.
Future Deliverables
•

•
•

A key objective for early 2006 is to produce some high profile scientific papers. Even with
the short integrations performed so far there are some significant new results on how the
ocean and atmosphere interact on small spatial scales. These can only be studied with the
high resolution of HiGEM.
A multidecadal simulation of the HiGEM model. This will allow many further features to
be examined including variability of ocean circulations, sea ice and land surface.
A final deliverable from the project will be a stable, optimised, high-resolution Earth
System Model that has been extensively validated and that will be available for use by the
wider NERC community.

31

References
Boyer, T., Levitus, S., Garcia, H., Locarnini, R.A., Stephens, C. and Antonov, J., 2005: Objective analyses
of annual, seasonal, and monthly temperature and salinity for the World Ocean on a 0.25° grid.
International Journal of Climatology, 25, 7, 931-945.
Chelton, D.B., and coauthors, 2001: Observations of coupling between surface wind stress and sea surface
temperature in the eastern tropical Pacific. J. Climate, 14, 1479-1498.
Coward, A. C. and de Cuevas, B., 2005: The OCCAM 66 Level Model: physics, initial conditions and
external forcing, obtained from http://www.soc.soton.ac.uk/JRD/OCCAM/OCCAM-p25k66-run202.pdf
Comer, R.E., A. Slingo and R.P.Allan, 2005. Observations of the diurnal cycle of outgoing longwave
radiation over Africa from the Geostationary Earth Radiation Budget instrument. Geophys. Res. Lett.,
in preparation
Comiso, J. 1999, updated 2005. Bootstrap sea ice concentrations for NIMBUS-7 SMMR and DMSP SSM/I,
June to September 2001. Boulder, CO, USA: National Snow and Ice Data Center. Digital media.
Gent, P.R. and J.C. McWilliams, 1990: Isopycnal mixing in ocean circulation models. Journal of Physical
Oceanography, 20, 150-155.
Goñi, G., Garzoli, S. L., Olson, D. and Brown, O., 1997: The eddy field in the Southeastern Atlantic Ocean
from Topex/Poseidon altimeter data, Journal of Marine Research, 55, 861-833.
Gordon, A. L., R. D. Susanto and A. Ffield, 1999: Through flow within Makassar Strait, Geophysical
Research Letters, 26, 3325–3328.
GSWP2, 2002: GSWP-2: The Second Global Soil Wetness Project Science and Implementation Plan. IGPO
Publication Series No. 37, 65 pp.
GRDC: The Global Runoff Data Centre, D - 56002 Koblenz, Germany, http://grdc.bafg.de
Ferraro, R. R., Weng, F. Z., Grody, N. C. and Basist, A., 1996, An eight-year (1987-1994) time series of
rainfall, clouds, water vapor, snow cover, and sea ice derived from SSM/I measurements, Bulletin of
the American Meteorological Society, 77(5), 891-905.
Fowler, C. 2003. Polar Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors. Boulder, CO, USA:
National Snow and Ice Data Center. Digital media.
Harries, J. E. and coauthors, 2005. The Geostationary Earth Radiation Budget (GERB) Experiment. Bull.
Amer. Meteorol. Soc., 86, 945-960
Harrison, E. F., P. Minnis, B. R. Barkstrom, V. Ramanathan, R. Cess, and G. G. Gibson, 1990. Seasonal
variation of cloud radiative forcing derived from the Earth Radiation Budget Experiment. J. Geophys.
Res., 95, 18687–18703.
Hodges, K.I., 1994: A General Method For Tracking Analysis And Its Application To Meteorological
Data. Monthly Weather Review, 122, 2573-2586.
Hodges, K.I., 1995: Feature Tracking On The Unit Sphere. Monthly Weather Review, 1995, 123, 34583465.
McDougall, T. J., Jackett, D. R., Wright, D. G. and Feistel, R., 2003: Accurate and computationally
efficient algorithms for potential temperature and density of seawater, Journal of Atmospheric and
Oceanic Technology, 20, 730-741.
Niiler, P.P., and W.S. Richardson, 1973: Seasonal variability of the Florida Current, Journal of Marine
Research, 31, 144-167.
Ochoa, J., H. Sheinbaum, A. Badan, J. Candela, and D. Wilson, 2001: Geostrophy via potential vorticity
inversion in the Yucatan Channel. Journal of Marine Research, 59, 725-747.
de Ruijter, W. P. M., Biastoch, A., Drijfhout, S. S., Lutjeharms, J. R. E., Matano, R. P., Pichevin, T., van
Leeuwen, P. J. and Weijer, W., 1999: Indian-Atlantic interocean exchange: Dynamics, estimation and
impact, Journal of Geophysical Research, 104, 20,885-20,910.

32

Sheinbaum, J., Candela, J., Badan, A. and Ochoa, J., 2002: Flow structure and transport in the Yucatan
Channel, Geophysical Research Letters, 29, 10.1029/2001GL013990.
Smith, W. H. F. and Sandwell, D. T., 1997: Global seafloor topography from satellite altimetry and ship
depth soundings, Science, 277, 1957-1962.
SRB: Surface Radiation Budget Project, http://srb-swlw.larc.nasa.gov
Tanahara, S., Candela, J. and Crépon, M., 2002: Study of the Yucatan Strait Current with a High Resolution
Numerical Model. The 2nd Meeting on the Physical Oceanography of Sea Straits, Villefranche, 15th-19th
April 2002.
Thompson, S.R., 1995: Sills of the global ocean: A compilation. Ocean Modelling. 109, 7-9, (unpublished
manuscript).
Trenberth, K.E. and Caron, J.M., 2001: Estimates of Meridional Atmosphere and Ocean Heat Transports,
Journal of Climate, 14, 16, 3433–3443.
Visbeck, M., J. Marshall, T. Haine and M. Spall, 1997: On the specification of eddy transfer coefficients in
coarse resolution ocean circulation models. J. Phys. Oceanogr. 27, 381-402.
Woodgate, R. A., Aagaard, K. and Weingartner, T. J., 2005: Monthly temperature, salinity, and transport
variability of the Bering Strait through flow, Geophysical Research Letters, 32, L04601,
doi:10.1029/2004GL021880.
Woodward, S. 2001. Modeling the atmospheric life cycle and radiative impact of mineral dust in the
Hadley Centre climate model. J. Geophys. Res., 106, 18155-18166
Xie, S-P, 2004: Satellite observations of cool ocean-atmosphere interaction. Bulletin Amer. Met. Society,
February.
Yang, G.-Y. and J. Slingo, 2001. The diurnal cycle in the tropics. Mon. Wea. Rev., 129, 784-801

33

