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Abstract
Simulations of the Hadley Centre Atmospheric climate Model version 3, HadAM3, are

used to investigate the impact of increasing vertical resolution on simulated climate.  In
particular, improvements in the representation of water vapour and temperature in the
upper troposphere and lower stratosphere are identified with more accurate advection.
Degradations in some aspects of the simulation in the tropics are identified with
undesirable resolution dependencies in the physical parametrizations.  The overall
improvements in the water vapour and temperature distribution lead to improvements in
the clear sky longwave radiative fluxes with higher vertical resolution.
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1. Introduction
Water vapour is one of the key components of the climate system.  It is integral to the

hydrological cycle and affects the radiative balance of the atmosphere, both directly
through clear-sky fluxes and indirectly through cloud forcing.  However, water vapour is
difficult to model accurately in a General Circulation Model, since it depends on modelling
adequately both the resolved advection, parametrized advection in such processes as
convection and the various changes of phase inherent in the model’s physical
parametrization schemes.  Particular areas of difficulty are the tropopause region, where
vertical advection is inaccurate because of the change from relatively moist air in the
troposphere to very dry air in the stratosphere, and the tropics, where convection is
important.  Evaluating this aspect of model performance has also been a problem in the
past, since accurate global 3-dimensional analyses of water vapour were not available.  In
this paper we make use of a state of the art climate model - HadAM3, the atmospheric
component of the Hadley Centre climate model (Pope et al. 2000), part of the Met Office’s
Unified Model - and some of the best observations and analyses currently available.  We
highlight the problems of modelling water vapour and demonstrate the benefit of one
possible improvement, namely increasing vertical resolution.

Continually improving technology means that climate modellers need to plan ahead
on how they will use increased computing power, as it becomes available.  The most
obvious ways of using it are: (a) to increase the length and number of integrations (b) to
use more computationally expensive formulations and (c) to run models at higher
resolution.  Climate modellers tend to use a combined approach.  Option (a) is attractive
because it means that more reliable statistics will be available from the results (for recent
examples using the Hadley Centre model see studies by Rowell 1998, Collins et al. 2000).
However, this needs to be balanced by the requirement that physical processes are
adequately represented - hence the need for options (b) and (c).  A number of projects are
aimed at improving the physical parametrizations of the UM and these are reported
elsewhere - e.g. a new microphysically based precipitation scheme (Wilson and Ballard
1999) and a new boundary layer scheme (Martin et al. 2000).  These impact on water
vapour as well as other components of the climate system. Stratton (1999) reported the
impact of increasing horizontal resolution in a previous version of the model, HadAM2b,
and a more comprehensive study of the sensitivity of HadAM3 to increased horizontal
resolution is in preparation.   These show an improved climatology with increased
resolution.  However, the cost is high and the improvements in water vapour are marginal.
For this reason, we concentrate in this paper on the impact of increasing vertical
resolution.

A number of studies over the last decade are relevant to the choice of levels in general
circulation models.  There are very few studies, however, that have looked systematically
at the impact of changing resolution in climate models with a full representation of physical
processes and none that have focussed on the impact on water vapour.   Some studies
focus on accurately representing atmospheric waves.  For example Lindzen and Fox-
Rabinovitz (1989) suggest that consistent horizontal and vertical scaling is needed to
represent atmospheric waves accurately, and avoid noise in simulations.  Their argument
is based on the Rossby-ratio between horizontal and vertical scales in quasi-geostrophic
flow and the dispersion relation for internal gravity waves.  The consistency requirements
vary with latitude and wave class so it is not possible to construct a fixed resolution model
on this basis.  This study does not take into account the resolution requirements of other
physical processes.  Near the equator, for example, Nigam et al. (1986) show that non-
linear processes smooth fields naturally so as to diminish vertical resolution requirements.
Ji and Baer (1992) use a series of experiments of varying horizontal resolution with an
adiabatic version of the NCAR community climate model (CCM0) to show that a non-linear
dynamical model that is consistently truncated may achieve improved results.

Other studies have concentrated on the impact of vertical resolution on the physical
parametrizations used in climate models.   For example Lane et al. (2000) and Tompkins
and Emanuel (2000) use single column models to investigate the sensitivity of various
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physical processes and parameters to changes in vertical resolution.  This approach has
the advantage of being cheap to run and both studies include results for a wide range of
resolutions.  A further advantage of this approach is that it allows model sensitivities to be
detected in the model’s equilibrium state without the complication of large-scale dynamics.
This can in itself be a disadvantage since the feedback with dynamics can be an important
part of the global model’s response. Another problem with single column tests is that they
represent an equilibrium state and do not allow realistic feedback, even ignoring the
dynamical feedback.  Also, they may not be representative of realistic model states.

Early studies of GCM (General Circulation Model) sensitivity to resolution (WMO 1987)
show improved large-scale model performance of numerical weather prediction models
with increased vertical resolution.   Mahlman and Umshied (1987) claim to represent
gravity waves in the GFDL SKIHI model with a vertical resolution of 1km.  However,
Lindzen and Fox-Rabinovitz (1989) point out that even this resolution will not be adequate
near critical surfaces, which may affect the gravity-wave structure at all levels and may
account for the noise in Mahlman and Umshied’s results. Boville (1991) shows that CCM1
with a horizontal resolution of T21 is not sensitive in the extratropics to an increase in
vertical resolution from 1.5 km to 0.75 km.  He points out that this is not surprising since
1.5km is adequate to represent Rossby wave structures with T21 horizontal truncation.
However, he also finds no evidence that inconsistent resolution in the horizontal and
vertical results in noise in the simulations.  Baer and Zhu (1992) use CCM1 to show that it
is important to chose carefully where the levels are placed for representing the baroclinic
modes accurately. Williamson et al. (1998) also stress the importance of choosing the
position of levels carefully.  They show that the Eulerian approximations in CCM3 are
prone to grid-scale noise that can be reduced by making sure the vertical grid varies
smoothly with increasing height.  This paper together with a companion paper by
Williamson and Olsen (1998) compare semi-Lagrangian and Eulerian versions of CCM3 at
different resolutions.  They find that a colder tropical tropopause in the semi-Lagrangian
model results from inadequate vertical resolution of vertical advection. Although the
Eulerian model is less sensitive to resolution in the tropics, the simulation in this region is
improved in both models because the convection scheme behaves better with higher
resolution.  In summary, the available evidence suggests that increasing vertical resolution
is likely to improve climate simulations provided the model used is not deficient in other
respects (note for example that Boville found no noticeable improvement in his T21
model) and the level spacing is chosen carefully.

The experiments reported here are AMIP2 (Atmosphere Model Intercomparison
Project number 2) 17-year integrations forced with observed sea surface temperatures,
one with the standard 19 level version of HadAM3 (L19) and the other with a higher
vertical resolution 30 level version (L30).  AMIP2 provides a standardised atmosphere only
climate integration forced with observed sea surface temperatures and a standard ozone
dataset as outlined by Gleckler (1996).  An ensemble of 6 L19 integrations and 4 L30
integrations have been performed .  We have used these to check that all the differences
between the L19 and L30 integrations that we report are outside the internal variability of
the model.  The Hadley Centre model is a grid-point model with Eulerian advection and a
horizontal grid of 2.5 deg by 3.75 deg.  It uses 19 levels from the surface to the middle
stratosphere.  This horizontal and vertical resolution is typical of most climate models.
Based on the scaling arguments of Lindzen and Fox-Rabinovitz (1989) the vertical
resolution of roughly 2 km in the free troposphere is inadequate to represent atmospheric
waves accurately.  Increasing the number of levels to 30 increases the resolution in the
free troposphere to 1km, which is more appropriate for the scales of motion represented
on the horizontal grid at mid latitudes.  Both sets of levels have been carefully tested and
tuned to ensure that they are smooth enough to avoid the noise problems pointed out
above.  Most of this testing was done in the version of the Unified Model used for
numerical weather prediction (see for example Milton et al. 1998).  The levels correspond
to those used in the old (L19) and current (L30) versions of the Met Office numerical
weather prediction models.

On increasing vertical resolution in HadAM3 we find dramatic improvements in water
vapour and other basic fields, such as temperature.  The results also highlight some
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inadequacies in the model’s physical parametrizations.  This is an example of how testing
a model in different configurations can aid model development by drawing out model
deficiencies that are not obvious in a single configuration.  Such testing is at the heart of
the development of the Unified Model, which is one of the few GCMs used for both climate
modelling and weather forecasting.  While the detailed resolution sensitivity is particular to
the Hadley Centre model, the philosophy and method of analysis is relevant to other
climate models.  Also, comparison of resolution sensitivity in different climate models will
provide another method of comparing climate models over and above the basic AMIP2
comparisons.  Indeed, the experiments reported in this paper form part of a set of
resolution sensitivity experiments performed with HadAM3 for the AMIP 2 subproject on
resolution.

The paper is organised as follows.  In section 2 we describe the model and analyses
used to evaluate it.  In section 3 we describe the statistically significant changes in the
model climatology.  In section 3(a) we evaluate model performance, identifying
improvements and degradations of a range of basic model fields against climatologies.  In
section 3(b) we highlight the improvements in the mean water vapour fields around the
tropopause, by comparing our results with data from the Halogen Occultation Experiment
(HALOE)  on the Upper Atmosphere Research Satellite (UARS).  In section 4 we
investigate the physical processes responsible for these changes.  In particular we quantify
the impact of individual physical parametrizations on the temperature and water vapour.
We also examine the effect of water vapour and temperature on the radiative balance.
Finally, section 5 contains our conclusions.

2. Model and analyses
a. Model

This study uses the latest version of the Hadley Centre climate model, known as
HadAM3.  Pope et al. (2000) give details of the components of this model together with an
analysis of the model’s climatology.  Model schemes are summarised in appendix A.  The
model levels used in the two experiments are illustrated in Fig. 1.  The standard 19 levels
are those used currently in all atmospheric and coupled climate simulations.  The higher
resolution 30 levels are those being used in the latest version of the operational forecast
model and being tested for the next version of the climate model. The top 3 and bottom 3
levels are the same in the L19 and L30 integrations,  with the extra levels distributed
roughly equally in-between.  The L19 results are for a 6 member ensemble and the L30
results for a 4 member ensemble.  The ensemble members were initialised from model
dumps in successive Decembers.  The statistical significance of differences between the
L19 and L30 ensembles have been assessed using the method outlined in appendix B and
only differences significant at the 95% confidence level are plotted.

b. Climatologies used for model evaluation
1) ERA

We make extensive use of the ECMWF reanalysis (ERA) climatology (Gibson et al.
1997, Kallberg 1997) for evaluating the basic model fields. We also use retrievals of water
vapour from the HALOE instrument.  Work is underway in the Hadley Centre to provide a
direct simulation of the satellite radiances from within the climate model (M. Ringer,
personal communication).  In future studies, we also intend to compare the upper
tropospheric water vapour from the model with the latest retrievals obtained from the
Microwave Limb Sounder (MLS, Stone et al. 2000) on UARS. The ERA dataset has
certain advantages for evaluating climate models, however.  Pope et al. (2000) discuss
some of these, together with the disadvantages. The particular advantages for evaluating
model water vapour are outlined in the following discussion.

There is no doubt that it is difficult to obtain accurate water vapour analyses for
evaluating models.  Radiosonde observations are sparse in some regions and satellite
observations do not contain complete information on the vertical profile.  In ERA, global
radiosonde observations and TOVS (TIROS Operational Vertical Sounder) radiances over
the tropical oceans are combined with model information using one dimensional
variational data assimilation, 1DVAR (McNally and Vesperini 1996).  This has the
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advantage of making best use of all the available information via a model, but the
disadvantage that it contains model information (and therefore is influenced by model
errors). McNally and Vesperini (1996) showed that the column water vapour obtained
using 1DVAR compared well with independent SSM/I  (Special Sensor Microwave/Imager)
measurements.  They also showed that the analyses are not strongly dependent on the
characteristics of the model used.  The value of the re-analysis approach is that it
performs a forward simulation of the radiances from the model and minimises the
differences by adjusting the model fields, so it effectively performs a dynamic retrieval
which optimises the use of the information in both the radiances and model fields. The
water vapour distribution is determined by physical processes (such as convection and
advection) in the atmosphere and the model provides a link between these processes and
the observations to determine the analysed fields.  For example, there is a strong
correlation between the upper tropospheric water vapour distribution and the divergent
circulation (see for example Plate 2 of Stone et al. 2000). Improved analysis of the
divergent circulation can thus help improve the analysis of specific humidity, and vice
versa. By evaluating the model against ERA, the model deficiencies in one field can be
easily related to deficiencies in another field.  For example, errors in the water vapour
distribution are related in part to errors in advection.

The ERA dataset also provides information on the vertical structure of water vapour in
the troposphere in a form that can easily be compared with the model, i.e. mixing ratios on
a pressure grid.  It is important to realise that the vertical resolution of the resulting water
vapour analysis is ultimately controlled by the radiances.  In order to demonstrate that the
vertical structure provided by ERA is useful, we have made a preliminary comparison of
ERA water vapour in different layers with corresponding layers in the National Aeronautics
and Space Administration (NASA) Water Vapor Project (NVAP) dataset (Randel et al.
1996). The two datasets use similar sets of observations but analyse the data in very
different ways, thus providing partially independent datasets.  NVAP combines radiosonde
humidities, satellite water vapour retrievals from TOVS and SSM/I weighting the data
according to the perceived reliability of each observing system (with no model
information). Our results (not shown) indicate that where the datasets disagree, this can be
accounted for by known problems in the individual observing systems used in NVAP
(Randel et al. 1996).

2) CMAP
Precipitation is evaluated against the CPC Merged Analysis of Precipitation (CMAP,

Xie and Arkin 1997).  This is a global, monthly precipitation dataset covering the 17-year
period 1979 to 1995.  It incorporates gauge observations and estimates inferred from a
variety of satellite observations.

3) ERBE
Satellite measurements of radiative fluxes made between 1985 and 1990 by the Earth

Radiation Budget Experiment (ERBE) (Harrison et al., 1990) are used to evaluate the
model’s radiation fluxes at the top of the atmosphere.

4) HALOE
One of the areas we particularly highlight is the improvement in upper tropospheric and

lower stratospheric water vapour.  The quality of the ERA water vapour analyses in this
region is less reliable (particularly in the lower stratosphere) because there are so few
measurements and the analyses do not assimilate any water vapour observations in the
stratosphere.  The ERA climatology used here sets water vapour to 2.5 x 10-6 kgkg-1 (3.88
ppmv) at stratospheric levels, or to the saturation mixing ratio if that is lower.  Note,
however, that ECMWF have recently abandoned this practice and now use analysed
values of water vapour in the stratosphere (Simmons et al. 1999). However, observations
of water vapour in the upper troposphere / lower stratosphere have been made by the
HALOE instrument (Russell et al 1993) which flies on UARS. This dataset is thus a very
useful tool for validating the model water vapour in the upper troposphere/ lower
stratosphere region.

HALOE is a solar occultation instrument; observations are made twice a day, at sunrise
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and sunset, and are clustered round two rings of latitude (one for sunrise, one for sunset).
As the orbit drifts these latitudes slowly change, and thus it takes a few weeks to build up
global coverage. For most of the year the observational domain is restricted to the 45°S-
45°N band. HALOE water vapour retrievals extend from near the tropopause to
approximately the 0.002 hPa level with a vertical resolution of about 2 km and an
accuracy of +_ 10 % between 100 and 0.1 hPa, rising to +_ 30 % at the boundaries of the
observational range (Harries et al 1996). HALOE cannot observe deep into the
troposphere, because of high absorption and scattering, but it provides a useful means of
assessing model performance near the tropopause and in the lower stratosphere.  The
HALOE seasonal means presented here have been calculated using observations from
December 1992 to February 1997 (i.e. they do not coincide exactly with the AMIP 2
period).  The accuracy of the HALOE data mean that we can use them to evaluate 3
dimensional structure in the lower stratosphere but only zonal-mean structure in the upper
troposphere.

3. Results
a. Mean fields
1) Temperature and Moisture

The most significant changes in model climatology when the resolution is increased
from 19 to 30 levels are in the temperature and humidity fields.  The impact on
temperature is shown in Fig. 2 together with differences between the models and the ERA
climatology.  In common with many GCMs all recent versions of the Hadley Centre model
have a cold bias in most of the troposphere.  Reductions in this bias have come about
through the inclusion of a new radiation scheme (Pope et al. 2000, Edwards and Slingo
1996).  Fig. 2 shows that in the L30 model there is a further substantial reduction in the
cold bias in the upper troposphere at middle and high latitudes. For example temperatures
above 200 hPa near the south pole increase as much as 7K even in the mean, reducing
the coldest bias from 13 to 7K.  The main degradation is that the cold bias is increased in
the tropical upper troposphere from 2 to 3 K.  In section 4 it is shown that the
improvements in temperature climatology largely come about through improved
representation of the dynamics.  The more mixed changes in the tropics arise from
resolution dependencies in the physical parametrizations in the model.

Figs. 3 and 4 show relative and specific humidity.  In the L19 model there is a large
moist bias in the extratropics (particularly striking in terms of relative humidity in the upper
troposphere) and a weak dry bias in the tropics.  In the L30 model the moist bias is
substantially reduced in the extra-tropical upper troposphere.  Decreases in specific
humidity and increases in temperature are linked to a reduction in relative humidity of up
to 20% around 200 hPa and a reduction in the maximum moist bias from 45 to 35%.
Similarly, in the tropical lower stratosphere (around 100 hPa) increases in specific humidity
and decreases in temperature are linked to an increase in relative humidity of up to 10%,
thus halving the dry bias in this region. The reduction in errors is encouraging. However,
we must be careful using ERA analyses in these regions since above the tropopause
specific humidity is set to 2.5 mg/kg or the saturation specific humidity, which ever is
lower. Ovarlez and van Velthoven (1997) noted that ERA values of moisture were
spuriously dry in the lower stratosphere when compared with aircraft measurements.
Hence the dry bias in our model is probably larger than suggested by comparison with
ERA.  In section 3(b) we use HALOE observations to make a more accurate assessment
of our results.     Notice that in both the extratropical upper troposphere and tropical lower
stratosphere the specific humidity does not appear to be responding to changes in
temperature, since we might expect a colder (warmer) atmosphere to hold less (more)
moisture and the opposite is true.  This point will be picked up later when we discuss how
these changes occur.

In contrast, in the middle and lower troposphere temperature decreases (increases)
tend to go hand in hand with specific humidity decreases (increases).  In the extra-tropics
the temperature changes tend to dominate the relative humidity response.  For example
between 30 and 60° temperature and specific humidity decrease and relative humidity
increases, increasing maximum errors from 10 to 15%.  In the tropics, on the other hand,
the specific humidity changes dominate.  At the equator relative humidity decreases by 5%
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increasing errors from close to 0 to 5% due to sensitivities of the model parametrizations
(section 4).  These results are consistent with the findings of Peixoto and Oort (1996), who
found that relative humidity in the atmosphere is primarily determined by temperature in
the extra-tropics and specific humidity in the tropics.

2) Circulation
Changes in the mean circulation at middle and high latitudes are consistent with

changes in the temperature structure.  Fig. 5 shows the zonal mean wind.  The mid
latitude westerly jets are decreased in strength, particularly on their poleward flank. The
changes are consistent with the reduced horizontal temperature gradients.  Also, the jet
shifts slightly equatorwards.  In the northern hemisphere changes in zonal mean wind are
small (up to 2 ms-1).  The only detrimental impact is the equatorward shift of the jet.  There
is also an associated equatorward shift of the storm tracks, degrading the simulation
(currently under investigation).  In the southern hemisphere changes are larger and extend
from the surface (up to 2 ms-1) into the stratosphere (up to 8 ms-1). The westerly bias
above 200 hPa is virtually removed, although the easterly bias poleward of 40° S below
200 hPa is increased.  This pattern of response in the southern hemisphere is very like the
so-called annular mode (see for example Thompson and Wallace 2000).  Similar impacts
on the jet structure come from changing the dynamics timestep, suggesting a dynamical
cause for the signal.  In the tropics changes in the circulation are generally small and few
are statistically significant.  The easterly bias around 200 hPa just north of the equator is
reduced slightly (by 2 ms-1 at the most).   There is also a slight weakening of the Hadley
circulation, and it doesn’t extend as far into the stratosphere (see Fig. 12 in section 4a).

3) Precipitation
It is important for a climate model to have a reasonable representation of surface fields

such as precipitation.  The impact of increasing resolution on precipitation is not direct and
is therefore very complex in the model.  Any degradations in the simulation do not
necessarily indicate that high resolution is inappropriate, but may point to sensitivities in
the model parametrizations that need to be investigated further.  A study of the impacts on
precipitation can start to give some insight into how the physical processes in the model
are altering with increased resolution, since precipitation changes in response to changes
in such processes as convection and resolved convergence.

Figure 6 shows that there is good agreement between the precipitation in HadAM3 and
in the CMAP dataset.  When vertical resolution is increased, precipitation in the tropics
decreases in the convectively active regions and shifts to the less active regions.  Over
tropical land, in particular to the south of the equator, precipitation decreases by over 2
mm/day in places, improving agreement with CMAP.  Over tropical sea precipitation
increases in most places.  Rainfall shifts from the maritime continent (worsening
agreement with climatology) to the northeast over the Pacific (improving agreement with
climatology).  These changes in precipitation are consistent with changes in convective
heating locally (see section 4 for further discussion) confirming that changes in convection
are associated with changes in precipitation. This is to be expected since convection
dominates the modelled precipitation in the tropics.  In the extra-tropics we noted that the
jet shifts equatorward (Fig. 5) associated with an equatorward shift in the storm tracks.
Correspondingly, precipitation decreases on the poleward flank of the storm tracks and
increases on the equatorward flank. The decreases in the northern hemisphere are not
statistically significant, however, because of the large variability in the northern
hemisphere winter storm tracks.

b. Water vapour in the tropopause region
One of the major benefits in increasing the vertical resolution of the model is in

resolving the structure of the tropopause more accurately.  We would expect
improvements in transport in this region to lead to improvements in the water vapour
climatology in the model.  As already pointed out, the ERA data are not suitable for a
detailed evaluation of the model in the tropopause region.  Instead, we use observations
made by HALOE, which provides independent observations of water vapour in the upper
troposphere/ lower stratosphere. Figure 7 focuses on specific humidity above 150 hPa
comparing the two model versions with HALOE observations.  Note that the HALOE
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seasonal means presented here use observations from December 1992 to February 1997
and therefore do not correspond to the AMIP period but overlap for only a couple of years.

At most stratospheric levels above 100 hPa water vapour increases with height in
the HALOE field. This is because of the chemical production of water vapour by oxidation
of methane. Such an increase is not seen in the model fields because the models contain
no chemical source of water vapour.  The decrease of water vapour with height near the
tropopause in the L30 model is generally in reasonable agreement with the HALOE fields,
whereas in the L19 model this gradient is too strong.  The lower resolution model is more
moist up to around the 140 hPa level (at mid to high latitudes) and up to around the 100
hPa level (at low latitudes) and is drier above these levels. Near the tropical tropopause
there is a well defined water vapour minimum in the HALOE and ERA fields, which is well
simulated by the L30 model version, but which does not appear at all in the L19 field.  At
middle and high latitudes in the L30 model the decrease in upper tropospheric water
vapour with height is much less rapid above the 200-150 hPa region than below, whereas
in the L19 model the rapid decrease with height continues up until around the 100 hPa
level. The consequence of this is that the arched pattern of the hygropause in the HALOE
field (higher at low latitudes than at mid latitudes) is quite well reproduced in the L30
model, whereas the hygropause in the L19 model is at approximately the same pressure
level at all latitudes. It is unclear how realistic the L30 simulation is poleward of 45° where
there are no HALOE observations in DJF. The HALOE observational range in March to
May and September to November is greater than in DJF, and comparison of model and
HALOE fields for these seasons suggests that the hygropause does not arch down enough
between the subtropics and high latitudes in the L30 model.  The high latitude hygropause
is therefore located too high up, but is still more realistic than the hygropause in the L19
model.

c. Regional Variations in Water Vapour
The simulation of regional variations of the water vapour field near the tropopause

also improves when the number of model levels is increased. Jackson et al (1998)
investigated such regional variations using HALOE data. Figure 8 shows water vapour for
DJF and JJA very close to the tropical tropopause, at level 25 in the L30 model together
with the closest HALOE analysis level, 100 hPa.  In DJF the water vapour at 100 hPa is a
minimum at low latitudes (Fig. 8(a) and (c)). This is because the low temperatures at 100
hPa imply very low water vapour saturation mixing ratios and hence very dry air.
Temperatures are lowest over the Indonesia / western Pacific region, where convection is
strongest, and accordingly water vapour values are lowest near there. The model
reproduces this structure quite well, although it is slightly too dry and the dry air is too far
east.  The error in position arises from errors in the distribution of convection.  Notice in
Fig. 6(d) that there is too little precipitation over Indonesia and too much to the east. The
model does not have enough water vapour at high latitudes since there is no
representation of methane oxidation.  There is evidence of this lack at mid latitudes in the
southern hemisphere at the maximum range of the HALOE data.

Examination of model level fields in the other 3 seasons shows that, as in DJF, the
L30 model fields at level 25 are fairly similar to the HALOE fields at 100 hPa. A
particularly striking result from Jackson et al (1998) is the moistening of the 100 and 128
hPa levels over parts of Asia in JJA, which is associated with the Asian monsoon. The
observations for 100 hPa are reproduced in Fig. 8(d).  There is a similar moistening in the
L30 model at level 25 (Fig. 8(b)). However, the highest values are located further to the
East, being between India and the western Pacific rather than between Saudi Arabia and
South East Asia. Results from the L30 run are similar to those in Martin (1999), who
examined results from an earlier climate version of the UM (which had 19 levels), and
showed that the UM simulates the Asian summer monsoon fairly well. However, the
modelled upper tropospheric tropical easterly jet is stronger than that in ERA, and the
shape of the anticyclone located over the Himalayas is also different. In the model it is
elliptical and confined close to the Himalayas, whilst in ERA it is much more elongated
and extends west from the Himalayas to the Persian Gulf (see Martin 1999, Fig. 1).  Most
upward transport of moist air into the upper troposphere and lower stratosphere takes
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place over the Bay of Bengal / India region. Much of this moist air then gets rapidly
advected westward in the real atmosphere, whereas in the model atmosphere much of this
air gets transported northward round the western edge of the anticyclone and then rapidly
eastward to the Pacific by the subtropical westerly winds. This can explain why the region
of moist air is located further east in the L30 model fields than in the HALOE fields. The
importance of advection in determining the horizontal water vapour distribution is
demonstrated by the close agreement between moisture fields in Fig. 8 and the
corresponding horizontal wind fields (not shown).  One point to bear in mind when
comparing with HALOE data is that the instrument samples a given region only a handful
of times each season. Thus HALOE will not be able to observe properly any short time-
scale processes that could be important in determining the water vapour distribution in the
Asian region.  Nor indeed will it be able to observe properly the active and break periods in
the Asian summer monsoon, which have periods between 10-20 days and 30-60 days (see
e.g. Annamalai et al 1999, Martin 1999).

These fields show that the L30 model is doing a good job of simulating regional
variations in the lower stratospheric water vapour distribution associated with tropical
convection.  By contrast, the L19 model fails to reproduce most of the observed structure
at 100 hPa, producing a structure more similar to the upper troposphere in the L30 model
(not shown).

4. Physical processes
a. Zonal mean

The impact of increasing vertical resolution on the heating rates for various model
schemes are summarised in Fig. 9.  Panel (a) shows the impact of increasing vertical
resolution on the 17-year mean temperature.  The other panels show changes in the
heating rate from various model schemes during an ensemble of 10 3-day ’spin-up’
integrations.  Three days is long enough to remove initial noise while still retaining a strong
signal of the model drift.  Clearly, an ensemble of integrations increases the statistical
significance of the results.  We have found that 10 are sufficient without being too
expensive.  These integrations are initialised from analyses for 10 independent days in
December.  The model drift away from these analysed states determines the main
systematic model errors.  This has been confirmed by comparing the pattern of the total
spin-up heating rate (not shown) with the mean temperature difference.  The warming in
the extra-tropics (panel (a)) is dominated by increased dynamical heating in the upper
troposphere ( stretching from 400 hPa at the poles to 200 hPa at 30 N and S in panel (b))
and reduced longwave cooling around the tropopause (stretching from 300 hPa at the
poles to 150 hPa at 30N and S in panel (c)). The former is discussed in more detail below.
The latter occurs because of the reduction in water vapour and cloud in this region (Fig. 4)
which leads to reduced longwave cooling to space.  Closer examination shows that the
clear-sky contribution dominates.  The cooling in the tropics is dominated by increased
longwave cooling due to changes in cloud (panel (d), see also section 4(b)).

Other models do not necessarily show the same sensitivity to resolution.  Williamson
and Olsen (1998) show (in their Fig.11) that the tropopause and lower stratosphere cool at
high latitudes in the winter hemisphere when vertical resolution is increased in both their
semi-Lagrangian and Eulerian models.  They do not show changes in water vapour or
break down the response of different parts of the model so it is not clear how their results
relate to ours.  Both their models use semi-Lagrangian advection of moisture and are less
affected by the moist bias that dominates our L19 runs; therefore the moisture may be less
sensitive to resolution.

Corresponding plots of the water vapour tendencies are shown in Fig. 10.  In this case
the total water vapour tendency has been included (panel (b)).  Some of the main features
are similar in panels (a) and (b).  In particular most of the drying in the tropics and in the
upper troposphere and the moistening in the extra-tropical lower troposphere and in the
stratosphere are seen in both the mean water vapour differences and in the total tendency.
The main difference is a moistening in the tropical mid troposphere, which does not affect
the time mean.  This moistening comes partly from changes in convective activity (panel
(d)) and is consistent with the increased detrainment in the mid troposphere identified by
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Inness et al. (2000) and discussed in section 4(b).  Panel (c) shows that the upper
tropospheric and stratospheric changes are due to dynamics.  They occur firstly because
in this region there is a rapid transition from moist tropospheric to dry stratospheric air, and
secondly because the vertical velocity decreases markedly between the upper troposphere
and the lower stratosphere. These two factors are important because the vertical
advection term in the prognostic model equation for moisture takes the form

1/2 (E k+1/2 (qTk+1 - q Tk) + E k-1/2(q Tk  - qTk-1))
where qT is total moisture (i.e. vapour + liquid + ice), E is related to the vertical

velocity, k-1, k and k+1 refer to full model levels and k-1/2 and k+1/2 refer to half levels.
(Note that the dynamics scheme advects total moisture, whereas we have diagnosed
water vapour in Fig. 10.)  With a strong decrease of both vertical velocity and moisture
between the upper troposphere and lower stratosphere, the lower the resolution, the more
erroneous the advection of moist tropospheric air across the tropopause will be.

In the case of upward motion, high tropospheric moisture spreads upwards.  The lack of
resolution in L19 means that the high moisture values spread further upwards and then
drop off more rapidly. A good example of this is in DJF (Fig. 7) where the effect of the
ITCZ is to transport moist air upward in the southern subtropics. The signature of this is
barely perceptible in the HALOE fields, in the L30 model field there is a slight bulge of
moister air near 100 hPa and 20°S, whilst in the L19 field this bulge extends up to around
50 hPa (i.e. the next model level above 100 hPa), indicating the way in which low vertical
resolution can lead to the smearing of upper tropospheric patterns up into the lower
stratosphere.  In the case of downward motion unrealistically low moisture values can be
generated above the tropopause with L19, leading in some cases to negative moisture.
These are reset to zero by borrowing moisture from adjacent grid points, creating an
artificial moisture sink and spreading low values across the layer.  This accounts for the
very low moisture in the L19 stratosphere (Fig. 7).  Strong gradients develop between
these very dry layers and the relatively moist upper troposphere.

 The variation in vertical velocity with height, illustrated in Fig. 11, accentuates the
effects outlined above leading to enhanced upward spread of high tropospheric water
vapour when there is upward motion and more likelihood of negative moisture where there
is downward motion.  In addition, the Hadley circulation has a slightly greater vertical
extent in the L19 model than in the L30 model, and at many latitudes vertical velocities
typical of the upper troposphere in the L30 model spread to the lower stratosphere in the
L19 model. For example, Figure 11 shows that in the L30 model the -0.001 hPa s-1 contour
reaches 100 hPa at low latitudes and is below 150 hPa in southern middle latitudes (55S),
but extends as high as 84 and 120 hPa, respectively, in the L19 model.  This also
accentuates the difference between vertical advection at the two resolutions.

Further evidence that the very low water vapour in the stratosphere in L19 is
numerical and not physically sensible comes from comparing values with minimum
saturation vapour pressures in the tropopause region. Figure 12 shows saturation vapour
pressure at 100 hPa in DJF.  The lowest saturation vapour pressures should determine the
lowest water vapour values in the stratosphere since in reality there are no sinks of
moisture in the stratosphere. The lowest saturation vapour pressures arise over Indonesia
/ western Pacific and these are lower in the L30 model than in the L19 model (minimum
values are 1.4 x 10-6 kg/kg for the L30 model and 2.4 x 10-6 kg/kg for the L19 model).
These fields are 17 year seasonal means, but an examination of 12 hourly fields for one
DJF season shows that the temporal variability is sufficiently small that in the L19 model
the saturation vapour pressure rarely falls below 2.2 x 10-6 kg/kg.  The actual stratospheric
specific humidities fall as low as 0.3 x 10-6 kg/kg even in the zonal mean in the L19 model
and these values clearly have no physical explanation.  In contrast, in the L30 model zonal
mean values do not fall below 1.4 x 10-6 kg/kg in the zonal mean consistent with the
minimum saturation vapour pressures in Fig. 12.

The increased resolution thus leads to a better representation of the vertical structure
and more accurate dynamics in the extra-tropics.  This also accounts for the changes in
longwave heating because it is responsible for the reduction in the moist bias.  Hence the
improved physical representation in the extra-tropics leads to an improved climatology.
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The specific humidity is not simply responding to changes in temperature to maintain the
relative humidity (as we pointed out in section 3a), in fact if anything temperature is
responding to changes in moisture through longwave heating.

b. Local processes in the tropics
The response of the model to increased resolution is more complex in the tropics.  It

involves feedback between the various model schemes.  The detailed response is
particular to the Unified Model and dependent on the parametrization schemes used.
Similar types of feedback are likely in other models, however, and we might learn more
about the complex way different schemes interact by comparing the response in other
models.  The approach used here is thus likely to be useful for other similar studies.

As pointed out in section 3(a), there is a shift in precipitation from the convectively
active regions to the less active regions, improving the climatology in some regions and
degrading it in others.  Changes in the climatological mean precipitation for the latitude
band from 5S to 5N are shown in Fig. 13(a) together with various ’spin-up’ terms
associated with convective activity.  Inness et al. (2000) show that in the aquaplanet
version of HadAM3 there is less deep convection in the L30 model and more detrainment
in the middle troposphere (see also Fig. 10).  They point out that this pattern of convection
looks more realistic than the purely deep or shallow convection in the L19 model.  G.
Martin (personal communication, 2000) finds that the single column version of HadAM3
exhibits similar behaviour.  The L30 models are better able to resolve the vertical structure
around the freezing level.  However, the response may not be entirely correct as the
detrainment has unrealistic dependence on resolution.   A similar response is seen in our
results (Fig. 13(c)).  Over South America (60W) and Southern Africa (30E) and the
Indonesian islands (e.g. 100E) convective increments act to increase moisture in the mid
troposphere consistent with enhanced detrainment.  Stabilisation of the mid troposphere
through increased detrainment means that subsequent convection is not as deep on
average in these regions, consistent with reduced precipitation.  Reductions in convective
activity locally will tend to be offset globally by increases in activity elsewhere and this is
exactly what happens in the model.  For example, north east of the Indonesian islands
there is increased precipitation (the top right hand corner of Fig. 13(a), see also the
broader region of increased rainfall over the Pacific in Fig. 6(b)).

The changes in moisture distribution resulting from the changes in convective activity
affect the formation of cloud.  Fig. 13(b) shows that more cloud forms in the mid
troposphere where there is enhanced detrainment and less cloud forms in the upper
troposphere, which is drier.  This in turn impacts on the longwave cloud forcing.
Longwave absorption is enhanced below the increased cloud (warming at 650 hPa) and
emission is increased above (cooling at 550hPa).  There is also decreased longwave
absorption in the upper troposphere consistent with the reduced cloud.  The resulting
increases in cooling above 600hPa dominate the changes in the net heating terms in the
spin-up integrations (Fig. 9) leading to the increased cold bias in the tropical middle and
upper troposphere.

In summary, the tropical response to increasing vertical resolution has a mixed impact
on model systematic errors.  Improvements are indicated by √, degradations by x and
neutral changes by √ x in the following.
1. There is more detrainment from convection in the mid troposphere.  This may be partly
due to better representation of vertical structure and partly due to unrealistic level
dependence in the scheme.  Precipitation decreases as there is less deep convection. (√
x)
2. Another impact of this is that more cloud forms in the middle troposphere and there is
enhanced longwave cooling from the top of this cloud contributing to an increase in the
model’s cold bias. (x)
3. Convection is more active over some tropical ocean areas giving increased
precipitation. (√)
4. The upper troposphere is drier and less cloud forms there.  There is correspondingly
less longwave heating by clouds in the upper troposphere contributing further to the
model’s cold bias. (x)
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5. The net drying due to changes in convection dominates the model’s moisture response
(Fig. 10(a) and (b)) with the increased detrainment having little impact on the zonal mean
moisture climatology (Fig. 10(a) and (c)). (x)
6. The convective heating associated with these changes is swamped by relative
longwave radiative cooling associated with the cloud changes (Fig. 9(a) and (d)). (x)

The summary illustrates the nonlinearity of the model response.  Convection is
sensitive to resolution changes, both directly through the formulation of the scheme, and
indirectly through its response to the resolved temperature and moisture profiles.  The
resulting changes in convective activity are responsible for the main changes in basic
model fields in the tropics.  Some of these responses are direct, namely those of
precipitation and moisture.  Others are indirect; in particular temperature changes due to
the impact of moisture changes on cloud formation and cloud radiative forcing.

c. Water vapour and the radiative balance of the atmosphere
Water vapour feedback on radiation is one of the important processes determining

the net impact of changes in greenhouse gases (IPCC 1995).  Consequently, it is
important to model the processes involved accurately.  The radiation scheme in HadAM3
(Edwards and Slingo 1996) represents all aspects of radiative transfer in the atmosphere
better than schemes in earlier climate models.  As we have already shown, there are a
number of deficiencies in the model’s representation of water vapour and the associated
hydrological cycle.  Some of these are improved by increasing vertical resolution, but
others are not.  This section focuses on the consequences of these changes for
representing the clear-sky longwave radiation in the atmosphere.

Clear-sky longwave radiation (OLRc) is dependent on the temperature and water
vapour content of the atmosphere and temperature at the earth’s surface. Surface
longwave emission is controlled strongly by the surface temperature. Water vapour affects
OLRc by absorbing radiation from the surface and surrounding atmosphere and re-
emitting it at the local temperature.  The atmosphere is generally colder than the surface,
so the absorption and reemission of longwave radiation by water vapour results in a lower
value of OLRc than would be the case if the radiation were to pass directly from the
surface to space.  The changes in surface temperature and column water vapour and their
impact on OLRc are summarised in Fig. 14.  Panel (a) shows the 17-year DJF mean of the
top of atmosphere OLRc from the L30 model.  Maxima in OLRc occur in the subtropical
descending branches of the Hadley circulation where the relatively dry atmosphere allows
much of the surface longwave radiation to escape to space.  Lower values of OLRc occur
in the relatively moist regions of the ITCZ near the equator and in the South Pacific
convergence zone.  On changing from 19 to 30 levels there are widespread increases in
OLRc in the tropics (panel (b)) associated with decreases in column water vapour (panel
(e)) - notice that the red areas in panels (b) and (e) are well correlated.  Local decreases in
OLRc in the tropics and subtropics are less obviously associated with increases in column
water vapour, although there are correlations (blue areas) over the Persian Gulf and off
the west coasts of Africa and South America. Outside the tropics changes in OLRc are
determined by changes in surface temperature (panel (d)). There are widespread large
increases in surface temperature and OLRc (red) over northern Asia.  However, variability
is also large in this region during winter as surface temperatures are strongly dependent on
the circulation and cloud cover.  Consequently, the statistical significance of the
differences is small and only a small percentage of the changes show up in Fig. 14.
Similar increases over Antarctica are significant.

Many of the changes in column water vapour lead to improvements in the simulation
compared to ERA.  This can be seen by comparing panels (e) and (f) - improvements
arise where the plots have opposite colours and vice versa.  In particular, the decreases in
water vapour (coloured red) over the Indian Ocean, southern Africa, South America and
the central Pacific off the coast of Central America are all improvements.  The associated
increases in OLRc (also coloured red) lead to improved agreement between the model
and ERBE - again comparing panels (b) and (d) improvements arise where plots have
opposite colours.  The decreases in column water vapour (coloured red) over Indonesia
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worsen the simulation both in terms of column water vapour and the associated increases
in OLRc.  Despite the local improvements, the changes in zonal mean specific humidity
generally worsen the simulation (section 3(a)).  The reason for this is that the local
negative biases are not changed much, while the positive biases are reduced.  Comparing
panels (b), (c) and (d) at high northern latitudes it is clear that the small regions of
statistically significant increases in surface temperature at high northern latitudes have a
mixed impact on OLRc. In the Antarctic warmer surface temperatures in the L30 model
(associated with circulation changes, Fig. 5) apparently worsen the simulation.  Neither of
these results are particularly conclusive since ERBE data are not reliable over ice
(Harrison et al 1990). Overall the global mean OLRc increases by 1.1 Wm-2 reducing the
global mean error to -5 Wm-2.

5. Conclusions
We showed that 30 levels and a resolution of 25 hPa around the tropopause are

sufficient in the Hadley Centre climate model to adequately resolve the tropopause and
hygropause and the advection of temperature and moisture whereas 19 levels are not
sufficient. We also showed that the model had sensitivities to resolution in the tropics due
to the way the model physical parametrizations, and in particular the convection scheme,
are formulated.  In summary, the main changes in climatology on increasing the vertical
resolution of the model are as follows.  Improvements are indicated by ticks and
degradations by crosses; the main processes contributing to the change are listed in
brackets at the end.
1. Upper tropospheric and stratospheric temperatures increase. √ (dynamics, radiation)
2. Tropical temperatures decrease. x (convection)
3. The westerly jets move equatorwards and weaken. x √
4. Both specific and relative humidity decrease in the upper troposphere. √ (dynamics)
5. Tropical humidities decrease improving the simulation locally, but worsening the zonal
mean. √ x (convection)

The Eulerian advection in the model is unable to advect moisture or temperature
accurately in the tropopause region with 19 levels, but does substantially better when 30
levels are used. The Met Office will shortly introduce a new model that replaces the
Eulerian formulation of the dynamics with a semi-Lagrangian one. The smaller
computational error of the semi-Lagrangian approach may lead to fewer inaccuracies in
moisture advection near the tropopause. Results from other semi-Lagrangian models are
encouraging. The ECHAM4 model (Roeckner et al 1996) simulates upper troposphere /
lower stratosphere water vapour reasonably well, even at relatively low vertical resolutions
(Land et al 1999), whilst the Goddard Earth Observing System semi-Lagrangian GCM
(Chen and Bates 1996) simulates the polar tropopause region better than a corresponding
Eulerian model.

Even with Eulerian advection the L30 model produces a very good simulation of
temperature and moisture in the tropopause region.  Our results compare well with the
available observational and analysis datasets.  We use ERA in the troposphere and
HALOE in the stratosphere, since ERA does not include observations of water vapour in
the stratosphere.  The improvement in the moisture distribution is particularly striking in
the lower stratosphere.  At high levels in the 19 level model most of the moisture
disappears, whereas in the 30 level model there is a reasonable distribution of moisture.
The basic longitudinal structure of water vapour in the tropical lower stratosphere
associated with regions of strong and weak convection is well reproduced in the model.
High latitude water vapour values are still too low, consistent with the fact that there is no
chemical source of water vapour (through methane oxidation) in the model.

The reduction in the temperature bias in the extratropical upper troposphere is related
to the reduction in the moisture bias in two ways.  The improvement comes partly from the
improved representation of advection and partly from the radiative feedback on the
moisture changes.  Our results contrast with those of Williamson and Olsen (1998) who
find that the cold bias worsens at the polar tropopause in both the Eulerian and semi-
Lagrangian versions of their model when they increase vertical resolution.
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The response of water vapour and temperature in the tropical troposphere to increased
vertical resolution illustrates the complex interaction between different physical
parametrizations in the model.  Changes in the behaviour of convection with improved
representation of the vertical structure of temperature and moisture lead to enhanced
detrainment of moisture in the middle troposphere in some convectively active regions
stabilising the mid-troposphere so that subsequent convection is not as deep.  Convective
activity shifts to less active regions.  The net effect of these changes on moisture is to
moisten the mid troposphere and to dry the upper troposphere.  Associated increases in
cloud in the middle troposphere and decreases in the upper troposphere result in relatively
more longwave cooling in the upper troposphere and an increased cold bias.

Other studies show a variety of responses of physical parametrizations to increases in
vertical resolution.  The responses depend on the details of the schemes used and the
method of testing.  Bushell and Martin (1999) show that increasing vertical resolution in
the boundary layer in HadAM2b (an earlier version of the Hadley Centre model) leads to
improved vertical structure in the boundary layer in a variety of situations. (N.B. Our
experiments have little impact on the boundary layer, as the bottom 3 levels are
unchanged between the L19 and L30 models.)  However, they also find an underlying
sensitivity to vertical resolution in model interactions between boundary layer and
convection processes which appears unrealistic.  Studies with other models (e.g.
Williamson and Olsen 1998) indicate improved behaviour of convective parametrizations
with increased resolution.  Tompkins and Emanuel (2000) show that the convection
schemes they tested in their single column model converged at a vertical resolution of
25hPa.  Work is in progress at the Met Office to reduce the sensitivity to resolution of the
convection scheme used in HadAM3 and to improve its interaction with the boundary layer
scheme.

Despite the problems of simulating water vapour in the tropics, overall the L30 version
of HadAM3 has an improved climatology.  The improvements in the global hygropause
structure are particularly striking.  Even in the tropical troposphere, the L30 model
reproduces many aspects of the water vapour structure and evolution and its interaction
with clear-sky radiation. For example reductions in column water locally and associated
increases in OLRc improve the simulation even though they worsen the zonal mean
response.
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Appendix A – Summary of  HadAM3 model formulation
Process Description References
Dynamics The current Unified Model is a hydrostatic,

grid point model using an Arakawa B grid
and hybrid vertical co-ordinates.  It uses
an Eulerian advection scheme.  Both
integrations use a 2.5° latitude by 3.75°
longitude grid and a 30-minute timestep.

Cullen (1993), Cullen and
Davies (1991)

Radiation The scheme has 6 short-wave bands and
8 longwave bands.  It includes the effects
of CO2, H20, O3, O2, N20, CH4, CFC11 and
CFC12. The model uses trace gas values
appropriate for the AMIP 2 period, i.e.
1979-1995.  It also includes the effects of
background aerosols.

Edwards and Slingo (1996)
and modified by Cusack et
al. (1999). Aerosol effects
Cusack et al. (1998)
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Clouds The prognostic cloud scheme diagnoses
cloud ice, cloud water and cloud amount
from the primary model variables qT (total
moisture) and liquid water potential
temperature.

Smith (1990) and modified
by Gregory and Morris
(1996)

Precipitation Large-scale precipitation forms in
association with stratiform cloud.

Senior and Mitchell (1993)
Gregory (1995)

Convection Moist and dry convection are modelled
using the penetrative mass-flux scheme
with the addition of convective
downdrafts.

Gregory and Rowntree
(1990)
Gregory and Allen (1991)

Gravity-wave
drag

Orographic gravity-wave drag Gregory et al. (1998)

Boundary
Layer

Local mixing scheme Smith (1990, 1993)

Convective
momentum
transport

The direct impact of convection on
horizontal momentum

Gregory et al. (1997)

Land surface MOSES (Met Office Surface Exchange
Scheme)

Cox et al. (1999)

Sea surface
temperature

Monthly-mean sea surface temperatures
and sea ice

Fiorino (1996)

Ozone Latitude-pressure monthly climatology Wang et al. (1995)

Appendix B – Testing for statistical significance
The statistical significance of differences between the L30 and L19 ensemble means is

assessed by performing a two-sample t test.  The T statistic is calculated as follows:
T = (m30  - m19 ) / ( s

2
30/n30nyr + s2

19/n19nyr )
1/2 (1)

m30 and m19 are the time mean ensemble means of the L30 and L19 fields respectively.
s2

30/n30nyr and s2
19/n19nyr are the corresponding variances.

n30 and n19 are the number of GCM integrations in the L30 and L19 ensembles.
nyr is the number of years (i.e. 17) run for each ensemble member.
The time mean ensemble means are calculated in the usual way:

m = 1 / (nyrnens) Σ Σ xij   for i =1, nyr    j = 1, nens (2)
nens is the number of ensemble members.
xij is any field at either a single model grid point or a zonal mean.
s2

30 and s2
19 are estimates of the internal variance of each ensemble at any one point (or

zonal mean).  They are obtained by performing a one way analysis of variance on each
ensemble, following the method of Rowell et al (1995).  The variances of the time mean
ensemble means are then the internal variances divided by the number of ensemble
members and the number of years in each run.

Some fields may be affected by significant autocorrelation, in which case s2
30 and s2

19

may be underestimated.  The amount of autocorrelation between the xij is estimated as
follows.  The pooled lag-1 correlation coefficient, α, of deviations of the ensemble
members from the ensemble mean is found. A t test is then performed to see if α is
significant as some correlation would be expected by chance.  If the autocorrelation is
significant then the equation (1) must be modified as follows:

 T = (m30  - m19 ) / ( s
2
30a30/n30nyr + s2

19a19/n19nyr )
1/2 (3)

where aens = (1 + |αens|) / (1 - |αens|)
This increases the estimate of internal variance.  The only fields affected are zonal-mean
specific humidity in the stratosphere.

Finally T obtained from eq. (1) or (3) as appropriate is compared with a standard t
distribution (in a 2 tailed test) to determine whether m30  and m19 are different at the 95%
significance level. Only significant differences are plotted in the figures. Note that we use
the method outlined by Kanji (1994) to determine the appropriate number of degrees of
freedom for the t-distribution used in the t-test:
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Degrees of freedom={(s2
30/ne30 + s2

19/ne19 )
2 / (s4

30/ne30
2 [ne30 + 1] +s4

19/ne19
2 [ne19 + 1])} -

2,
where neens = nyrnens /aens (and aens = 1 when there is no significant autocorrelation).  This
allows for the possibility of unequal variances in the L19 and L30 ensembles.
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Figures
Fig. 1. Arrangement of model levels in the L19 and L30 configurations of HadAM3.

Fig. 2.Latitude-pressure cross-sections of zonal-mean temperature.  17-year December to
February (DJF) mean from 1979 to 1995 for model data and 15-year mean from 1979 to
1993 for climatological data as follows.  L30 fields are the means of a 4 member ensemble
and L19 fields are the mean of a 6 member ensemble. (a) L30, (b) L30 - L19 - only
differences significant at the 95% confidence level are plotted, (c) L19 - ERA and (d) L30 -
ERA. The contour interval is 10K in panel (a) and irregular contours as indicated in the key
in the other panels.

Fig. 3. As Fig. 2 but for zonal-mean relative humidity.  The contour interval is 10%.

Fig. 4. As Fig. 2 but for zonal-mean specific humidity, q.  The units are kg/kg and contours
are evenly spaced in log q, i.e. 10-5, 10-4, … 0.1 in panel (a) and -10-3, -10-4, -10-5, 0, 10-5,
10-4, 10-3 in the other panels.

Fig. 5. As Fig. 2 but for zonal-mean zonal wind.  The contour interval is 10 ms-1 in panel
(a) and 2 ms-1 in the other panels.

Fig. 6. As Fig. 2 but latitude longitude plot of precipitation evaluated against the CMAP
climatology (Xie and Arkin 1997).  The units are mmday-1.  The plots use an uneven scale
defined in the key.

Fig. 7. Latitude-pressure cross-sections of zonal mean specific humidity from 150 hPa to
10 hPa for (a) L30 ensemble mean, (b) L19 ensemble mean and (c) HALOE.  (a) and (b)
are 17-year DJF means from 1979 to 1995, (c) is a 5-year DJF mean from 1992 to 1997.
The contour interval is 10-6 kg/kg.

Fig. 8. Latitude-longitude plots of specific humidity for the period used in Fig. 7. (a) L30
level 25, which is roughly equivalent to 102 hPa DJF mean, (b) as (a) but for June to
August (JJA) mean (c) As (a) but HALOE data at 100 hPa, (d) as (c) but HALOE data at
100 hPa. The contour interval is 0.4 x 10-6 kg/kg.

Fig. 9. (a) Latitude-pressure cross-section of zonal-mean temperature difference between
the L30 and L19 ensembles for the 17-year DJF means from 1979 to 1995. The contour
interval is uneven as indicated in the key.  (b) to (d) Latitude-Eta cross-section of the
zonal-mean heating rate difference between the L30 and L19 models for the mean of 10 3-
day spin-up integrations initialised from the same set of analyses (see text). Fields are
interpolated from model levels to equally spaced Eta levels.  1000 x Eta corresponds
roughly to pressure.  The contour interval is 0.1 K day-1.

Fig. 10. As Fig. 9 but for specific humidity and its spin-up tendency. The units are kg/kg.
(a) The contours are -3x10-4, -2x10-4, -10-5, 0, 10-5.

Fig. 11. Latitude-pressure cross sections of zonal mean vertical velocity from 150 hPa to
10 hPa for (a) L30 ensemble mean, (b) L19 ensemble mean and (c) ERA for the same
time periods as used in Fig. 2. The contour interval is 10-3 ms-1.

Fig. 12. As Fig. 7 but for saturation vapour pressure at 100 hPa plotted on a latitude-
longitude map.  The contour interval is 0.8x10-6.

Fig. 13. (a) Latitude-longitude map from 5S to 5N of precipitation differences between the
L30 and L19 ensembles for the 17-year DJF means from 1979 to 1995. The scale is the
same as the one in Fig. 6.  The rest of the panels are differences between two sets of 10
3-day spin-up integrations, one set with 30 levels and the other with 19, both initialised
from the same set of analyses.  All plots are longitude-Eta cross-sections averaged
between 5S and 5N.  (b) Latent heating in the cloud scheme plotted with a contour interval
of  0.2 Kday-1. (c) Convective moisture tendency. The units are kg/kg and contours are -
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2x10-4, -10-5, 0, 10-6, 10-5, 2x10-4.  (d) Longwave heating due to cloud scheme plotted with
a contour interval of  0.2 Kday-1.

Fig. 14. Latitude-longitude maps for the 17-year DJF ensemble means from 1979 to 1995
for the following fields. (a) Outgoing clear-sky longwave radiation, OLRc, at the top of the
atmosphere for L30.  The contour interval is 20 Wm-2. (b) As (a) but L30 - L19. The
contour interval is 2 Wm-2. (c) As (b) but L19 - ERBE.  (d) Surface temperature differences
between L30 and L19.  The contour interval is 1K. (e) Column water vapour differences
between L30 and L19. The contour interval is 1 kgm-2. (f) As (e) but the difference between
L19 and ERA.  Panels (b), (d) and (e) only show differences that are significant at the 95%
confidence level.
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