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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 climates. In particular, improvements in the represen-
tation of water vapor 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 parameterizations. The overall improvements in the water vapor and
temperature distribution lead to improvements in the clear-sky longwave radiative fluxes with higher vertical

resolution.

1. Introduction

Water vapor 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 vapor is difficult to model
accurately in a general circulation model (GCM), since
it depends on modeling adequately both the resolved
advection, parameterized advection in such processes as
convection and the various changes of phase inherent
in the model’s physical parameterization schemes. Par-
ticular 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 isimportant. Evaluating this aspect of model
performance has also been a problem in the past, since
accurate global three-dimensional analyses of water va-
por were not available. In this paper we make use of a
state-of-the-art climate model—HadAM3, the atmo-
spheric component of the Hadley Centre climate model
(Pope et al. 2000), part of the Met Office’s Unified M od-
el (UM)—and some of the best observations and anal-
yses currently available. We highlight the problems of
modeling water vapor and demonstrate the benefit of
one possible improvement, namely increasing vertical
resolution.

Continually improving technology meansthat climate

Corresponding author address: Dr. Vicky D. Pope, Hadley Centre
for Climate Prediction and Research, Met Office, London Road,
Bracknell, Berkshire RG12 2SY, United Kingdom.

E-mail: vicky.pope@metoffice.com

modelers need to plan ahead on how they will use in-
creased 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 com-
putationally expensive formulations, and (c) to run mod-
els at higher resolution. Climate modelers 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.
2001). However, this needs to be balanced by the re-
quirement that physical processes are adequately rep-
resented—hence the need for options (b) and (c). A
number of projects are aimed at improving the physical
parameterizations of the UM and these are reported el se-
where—that is, a new microphysically based precipi-
tation scheme (Wilson and Ballard 1999) and a new
boundary layer scheme (Martin et al. 2000). These im-
pact on water vapor 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 vapor 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 focused on the impact on
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water vapor. Some studies focus on accurately repre-
senting atmospheric waves. For example Lindzen and
Fox-Rabinovitz (1989) suggest that consistent horizon-
tal and vertical scaling is needed to represent atmo-
spheric waves accurately, and avoid noise in simula-
tions. Their argument is based on the Rossby ratio be-
tween horizontal and vertical scalesin quasigeostrophic
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 regquirements of other phys-
ical processes. Near the equator, for example, Nigam et
al. (1986) show that nonlinear processes smooth fields
naturally so as to diminish vertical resolution require-
ments. Ji and Baer (1992) use a series of experiments
of varying horizontal resolution with an adiabatic ver-
sion of the National Center for Atmospheric Research
community climate model (CCMO0) to show that a non-
linear dynamical model that is consistently truncated
may achieve improved results.

Other studies have concentrated on the impact of ver-
tical resolution on the physical parameterizations used
in climate models. For example, Lane et al. (2000) and
Tompkins and Emanuel (2000) use single-column mod-
elsto investigate the sensitivity of various physical pro-
cesses 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 sensitivitiesto be detected inthemodel’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 represen-
tative of realistic model states.

Early studies of GCM 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 wavesin the Geophysical Fluid Dy-
namics Laboratory SKIHI model with a vertical reso-
[ution of 1 km. 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 Mahiman 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 to 0.75 km. He points
out that this is not surprising since 1.5 km is adegquate
to represent Rossby wave structures with T21 horizontal
truncation. However, he also finds no evidence that in-
consistent resolution in the horizontal and vertical re-
sults in noise in the simulations. Baer and Zhu (1992)
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use CCM1 to show that it is important to choose care-
fully 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 approxi-
mations 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 re-
sults from inadequate vertical resolution of vertical ad-
vection. Although the Eulerian model is less sensitive
to resolution in the Tropics, the simulation in thisregion
is improved in both models because the convection
scheme behaves better with higher resolution. In sum-
mary, the available evidence suggests that increasing
vertical resolution is likely to improve climate simu-
lations provided the model used is not deficient in other
respects (note, e.g., that Boville found no noticeable
improvement in his T21 model) and the level spacing
is chosen carefully.

The experiments reported here are Atmosphere M odel
Intercomparison Project number 2 (AMIP2) 17-yr in-
tegrations forced with observed sea surface tempera-
tures, one with the standard 19-level version of
HadAM3 (L19) and the other with a higher vertica
resolution 30-level version (L30). AMIP2 provides a
standardized atmosphere-only climateintegrationforced
with observed sea surface temperatures and a standard
ozone dataset as outlined by Gleckler (1996). An en-
semble of six L19 integrations and four L30 integrations
have been performed. We have used these to check that
all the differences between the L19 and L 30 integrations
that we report are outside the internal variability of the
model. The Hadley Centre model is a gridpoint model
with Eulerian advection and a horizontal grid of 2.5° X
3.75°. It uses 19 levels from the surface to the mid-
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 tropo-
sphere is inadequate to represent atmospheric waves ac-
curately. Increasing the number of levelsto 30 increases
the resolution in the free troposphere to 1 km, which is
more appropriate for the scales of motion represented
on the horizontal grid at midlatitudes. 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 UM used for numerical weather prediction (see,
e.g., 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 HadAM 3 we find
dramatic improvements in water vapor and other basic
fields such as temperature. The results also highlight
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some inadequacies in the model’s physical parameter-
izations. 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 UM, which is one of the few GCMs
used for both climate modeling 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 cli-
mate models over and above the basic AMIP2 com-
parisons. Indeed, the experiments reported in this paper
form part of a set of resolution sensitivity experiments
performed with HadAM3 for the AMIP2 subproject on
resolution.

The paper is organized 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 3a we evaluate
model performance, identifying improvements and deg-
radations of a range of basic model fields against cli-
matologies. In section 3b we highlight the improve-
ments in the mean water vapor fields around the tro-
popause, by comparing our results with data from the
Halogen Occultation Experiment (HALOE) on the Up-
per 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 parameterizations on the tempera-
ture and water vapor. We also examine the effect of
water vapor and temperature on the radiative balance.
Finally, section 5 contains our conclusions.

2. Model and analyses
a. Model

Thisstudy usesthelatest 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 summarized in appendix A. The model lev-
els 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 high-
er-resolution 30 levels are those being used in the latest
version of the operational forecast model and being test-
ed for the next version of the climate model. The top
three and bottom three levels are the same in the L19
and L30 integrations, with the extra levels distributed
roughly equally inbetween. The L19 results are for a
six-member ensemble and the L30 results for a four-
member ensemble. The ensemble members were ini-
tialized from model dumps in successive Decembers.
The statistical significance of differences between the
L19 and L30 ensembles have been assessed using the
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Fic. 1. Arrangement of model levels in the L19 and L30
configurations of HadAM3.

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 European Centre for
Medium-Range Weather Forecasts (ECMWF) reanaly-
sis (ERA) climatology (Gibson et al. 1997; Kallberg
1997) for evaluating the basic model fields. We also use
retrievals of water vapor 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 2000, personal commu-
nication). In future studies, we also intend to compare
the upper-tropospheric water vapor from the model with
the latest retrievals obtained from the Microwave Limb
Sounder (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, to-
gether with the disadvantages. The particular advantages
for evaluating model water vapor are outlined in the
following discussion.

Thereis no doubt that it is difficult to obtain accurate
water vapor 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 obser-
vations and Television Infrared Observation Satellite
(TIROS) Operational Vertical Sounder (TOVYS) radi-
ances over the tropical oceans are combined with model
information using one-dimensional variational data as-
similation, IDVAR (McNally and Vesperini 1996). This
has the advantage of making best use of al the available
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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 vapor obtained using 1DVAR
compared well with independent Special Sensor Micro-
wave/lmager (SSM/I) measurements. They also showed
that the analyses are not strongly dependent on the char-
acteristics of the model used. The value of thereanalysis
approach isthat it performs a forward simulation of the
radiances from the model and minimizesthe differences
by adjusting the model fields, so it effectively performs
a dynamic retrieval that optimizes the use of the infor-
mation in both the radiances and model fields. The water
vapor 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 analyzed fields.
For example, there is a strong correlation between the
upper-tropospheric water vapor distribution and the di-
vergent circulation (see, e.g., Plate 2 of Stone et al.
2000). Improved analysis of the divergent circulation
can thus help improve the analysis of specific humidity,
g, and vice versa. By evaluating the model against ERA,
the model deficienciesin one field can be easily related
to deficiencies in another field. For example, errors in
the water vapor distribution are related in part to errors
in advection.

The ERA dataset also provides information on the
vertical structure of water vapor in the troposphere in
aform that can easily be compared with the model, that
is, mixing ratios on a pressure grid. It is important to
realize that the vertical resolution of the resulting water
vapor analysisis ultimately controlled by the radiances.
In order to demonstrate that the vertical structure pro-
vided by ERA is useful, we have made a preliminary
comparison of ERA water vapor in different layerswith
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 analyze the data in
very different ways, thus providing partially indepen-
dent datasets. NVAP combines radiosonde humidities,
satellite water vapor 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
intheindividual observing systemsused in NVAP (Ran-
del et al. 1996).

2) CMAP

Precipitation is evaluated against the Climate Predic-
tion Center (CPC) Merged Analysis of Precipitation
(CMAP; Xieand Arkin 1997). Thisisaglobal, monthly
precipitation dataset covering the 17-yr period 1979—
95. It incorporates gauge observations and estimates
inferred from a variety of satellite observations.
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3) ERBE

Satellite measurements of radiative fluxes made be-
tween 1985 and 1990 by the Earth Radiation Budget
Experiment (ERBE) (Harrison et a. 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 im-
provement in upper-tropospheric and lower-stratospher-
ic water vapor. The quality of the ERA water vapor
analyses in this region is less reliable (particularly in
the lower stratosphere) because there are so few mea-
surements and the analyses do not assimilate any water
vapor observations in the stratosphere. The ERA cli-
matology used here sets water vapor to 2.5 X 10-° kg
kg~* (3.88 ppmv) at stratospheric levels, or to the sat-
uration mixing ratio if that is lower. Note, however, that
ECMWF have recently abandoned this practice and now
use analyzed values of water vapor in the stratosphere
(Simmons et al. 1999). However, observations of water
vapor in the upper troposphere— ower stratosphere have
been made by the HALOE instrument (Russell et al.
1993) that flies on UARS. This dataset is thus a very
useful tool for validating the model water vapor in the
upper-troposphere—|ower-stratosphere region.

HALOE is a solar occultation instrument; observa-
tions are made twice a day, at sunrise and sunset, and
are clustered round two rings of latitude (one for sunrise,
one for sunset). Asthe orbit drifts these latitudes slowly
change, and thus it takes a few weeksto build up global
coverage. For most of the year the observational domain
is restricted to the 45°S-45°N band. HALOE water va-
por retrievals extend from near the tropopause to ap-
proximately the 0.002-hPa level with a vertical reso-
[ution 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 tro-
popause and in the lower stratosphere. The HALOE
seasonal means presented here have been calculated us-
ing observations from December 1992 to February 1997
(i.e., they do not coincide exactly with the AMIP2 pe-
riod). The accuracy of the HALOE data means that we
can use them to evaluate three-dimensional structurein
the lower stratosphere but only zonal-mean structurein
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
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FiG. 2. Lat—pressure cross sections of zonal-mean temperature. The 17-yr DJF mean from 1979 to 1995 for model data and 15-yr mean
from 1979 to 1993 for climatological data as follows. L30 fields are the means of a four-member ensemble and L19 fields are the mean of
a six-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 10 K in Fig. 2a and irregular contours as indicated in the key in the other panels.

are in the temperature and humidity fields. The impact
on temperature is shown in Fig. 2 together with differ-
ences 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). Figure 2 shows
that in the L30 model there is a further substantial re-
duction in the cold bias in the upper troposphere at mid-
and high latitudes. For example, temperatures above 200
hPa near the South Pole increase as much as 7 K even
in the mean, reducing the coldest bias from 13 to 7 K.
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 temper-
ature climatology largely come about through improved
representation of the dynamics. The more mixed chang-
es in the Tropics arise from resolution dependenciesin
the physical parameterizations in the model.

Figures 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 sub-
stantially reduced in the extratropical upper troposphere.

Decreases in specific humidity and increases in tem-
perature 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) in-
creases in specific humidity and decreases in tempera-
ture 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, whichever is
lower. Ovarlez and van Velthoven (1997) noted that
ERA values of moisture were spuriously dry in the low-
er stratosphere when compared with aircraft measure-
ments. Hence the dry bias in our model is probably
larger than suggested by comparison with ERA. In sec-
tion 3b 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 acolder (warmer) atmosphereto hold less (more)
moisture and the opposite is true. This point will be
picked up later when we discuss how these changes
occur.
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In contrast, in the mid- and lower troposphere tem-
perature decreases (increases) tend to go hand in hand
with specific humidity decreases (increases). In the ex-
tratropics 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% increasing errors
from close to 0% to 5% due to sensitivities of the model
parameterizations (section 4). These results are consis-
tent with the findings of Peixoto and Oort (1996), who
found that relative humidity in the atmosphere is pri-
marily determined by temperature in the extratropics
and specific humidity in the Tropics.

2) CIRCULATION

Changes in the mean circulation at mid- and high
latitudes are consistent with changes in the temperature
structure. Figure 5 shows the zonal mean wind. The
midlatitude westerly jets are decreased in strength, par-
ticularly on their poleward flank. The changes are con-
sistent with the reduced horizontal temperature gradi-
ents. Also, the jet shifts slightly equatorward. In the
Northern Hemisphere changes in zonal mean wind are
small (up to 2 m s*). The only detrimental impact is

the equatorward shift of the jet. There is also an as-
sociated eguatorward shift of the storm tracks, degrad-
ing the simulation (currently under investigation). In the
Southern Hemisphere changes are larger and extend
from the surface (up to 2 m s=1) into the stratosphere
(up to 8 m s71). The westerly bias above 200 hPa is
virtually removed, athough 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, e.g., Thompson and Wal-
lace 2000). Similar impacts on the jet structure come
from changing the dynamics time step, suggesting a
dynamical cause for the signal. In the Tropics changes
in the circulation are generally small and few are sta-
tistically significant. The easterly bias around 200 hPa
just north of the equator is reduced slightly (by 2 m s
at the most). There is aso a slight weakening of the
Hadley circulation, and it does not extend as far into
the stratosphere (see Fig. 12 in section 4a).

3) PRECIPITATION

It is important for a climate model to have a reason-
able representation of surface fields such as precipita-
tion. The impact of increasing resolution on precipita-
tion is not direct and is therefore very complex in the
model. Any degradations in the simulation do not nec-
essarily indicate that high resolution is inappropriate,
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but may point to sensitivities in the model parameter-
izations that need to be investigated further. A study of
the impacts on precipitation can start to give some in-
sight 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 CMAPR Over tropical sea, precipitation
increases in most places. Rainfall shifts from the Mar-
itime Continent (worsening agreement with climatolo-
gy) to the northeast over the Pacific (improving agree-
ment with climatology). These changes in precipitation
are consistent with changesin 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 modeled precipitation in the Tropics. In

the extratropics 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 decreasesin the Northern
Hemisphere are not statistically significant, however, be-
cause of the large variability in the Northern Hemi-
sphere winter storm tracks.

b. Water vapor in the tropopause region

One of the major benefits in increasing the vertica
resolution of the model is in resolving the structure of
the tropopause more accurately. We would expect im-
provements in transport in this region to lead to im-
provementsin the water vapor climatology in the model.
As aready 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 HAL OE,
which providesindependent observations of water vapor
in the upper troposphere-lower stratosphere. Figure 7
focuses on specific humidity above 150 hPa comparing
the two model versionswith HAL OE observations. Note
that the HAL OE seasonal means presented here use ob-
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mean, and (c¢) HALOE. Both (a) and (b) are 17-yr DJF means from 1979 to 1995, (c) is a 5-yr DJF mean from 1992 to 1997. The contour

interval is 10-¢ kg kg*.

servations from December 1992 to February 1997 (DJF)
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
vapor increases with height in the HALOE field. This
is because of the chemical production of water vapor
by oxidation of methane. Such an increase is not seen
in the model fields because the models contain no chem-
ical source of water vapor. The decrease of water vapor
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 vapor minimum in the
HALOE and ERA fields, which iswell simulated by the
L30 model version, but which does not appear at all in
the L19 field. At mid- and high latitudes in the L30
model, the decrease in upper-tropospheric water vapor
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 midlatitudes) is quite well re-

produced 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 redlistic the L30
simulation is poleward of 45° where there areno HALOE
observations in DJE The HALOE observational rangein
March—-May and September—November is greater thanin
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 there-
fore located too high up, but is still more realistic than
the hygropause in the L19 model.

c. Regional variations in water vapor

The simulation of regional variations of the water
vapor field near the tropopause aso improves when the
number of model levelsisincreased. Jackson et al. (1998)
investigated such regional variations using HAL OE data.
Figure 8 shows water vapor 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 vapor at 100 hPa is a minimum
at low latitudes (Figs. 8a and 8c). This is because the
low temperatures at 100 hPaimply very low water vapor
saturation mixing ratios and hence very dry air. Tem-
peratures are lowest over the Indonesia—western Pacific
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region, where convection is strongest, and accordingly
water vapor values are lowest near there. The model
reproduces this structure quite well, although it is slight-
ly too dry and the dry air is too far east. The error in
position arises from errors in the distribution of con-
vection. Notice in Fig. 6d that there is too little precip-
itation over Indonesia and too much to the east. The
model does not have enough water vapor at high lati-
tudes since there is no representation of methane oxi-
dation. There is evidence of this lack at midlatitudesin
the Southern Hemisphere at the maximum range of the
HALOE data.

Examination of model level fields in the other three
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-hPalevels
over parts of Asiain JJA, which is associated with the
Asian monsoon. The observations for 100 hPa are re-
produced in Fig. 8d. There is a similar moistening in
the L30 model at level 25 (Fig. 8b). However, the high-
est values are located farther to the east, being between
India and the western Pacific rather than between Saudi
Arabia and Southeast Asia. Results from the L30 run
are similar to those in Martin (1999), who examined
resultsfrom 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 mod-
eled upper-tropospheric tropical easterly jet is stronger
than that in ERA, and the shape of the anticyclone lo-
cated over the Himalaya is also different. In the model
itiselliptical and confined close to the Himalaya, while
in ERA it is much more elongated and extends west
from the Himalayato the Persian Gulf (see Martin 1999,
Fig. 1). Most upward transport of moist air into the
upper troposphere and lower stratosphere takes place
over the Bay of Bengal—Indiaregion. Much of thismoist
air then gets rapidly advected westward in the real at-
mosphere, 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 ex-
plain why the region of moist air is located farther east
in the L30 model fields than in the HALOE fields. The
importance of advection in determining the horizontal
water vapor 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 timescale pro-
cesses that could be important in determining the water
vapor distribution in the Asian region. Nor indeed will
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it be able to observe properly the active and break pe-
riodsin the Asian summer monsoon, which have periods
between 10-20 days and 30—60 days (see, e.g., An-
namala et al. 1999; Martin 1999).

These fields show that the L30 model is doing a good
job of simulating regional variationsin the lower-strato-
spheric water vapor distribution associated with tropical
convection. By contrast, the L19 model fails to repro-
duce most of the observed structure at 100 hPa, pro-
ducing 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 ratesfor various model schemesare summarized
in Fig. 9. Figure 9a shows the impact of increasing
vertical resolution on the 17-yr mean temperature. The
other panels show changes in the heating rate from var-
ious model schemes during an ensemble of 10 3-day
“spinup’’ 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 ex-
pensive. Theseintegrations areinitialized from analyses
for 10 independent days in December. The model drift
away from these analyzed states determines the main
systematic model errors. This has been confirmed by
comparing the pattern of the total spinup heating rate
(not shown) with the mean temperature difference. The
warming in the extratropics (Fig. 9a) is dominated by
increased dynamical heating in the upper troposphere
(stretching from 400 hPa at the polesto 200 hPa at 30°N
and 30°S in Fig. 9b) and reduced longwave cooling
around the tropopause (stretching from 300 hPa at the
poles to 150 hPa at 30°N and 30°S in Fig. 9c). The
former is discussed in more detail below. The latter
occurs because of the reduction in water vapor and cloud
in thisregion (Fig. 4), which leads to reduced longwave
cooling to space. Closer examination shows that the
clear-sky contribution dominates. The cooling in the
Tropicsisdominated by increased longwave cooling due
to changes in cloud (Fig. 9d, see also section 4b).

Other models do not necessarily show the same sen-
sitivity to resolution. Williamson and Olsen (1998) show
(in their Fig. 11) that the tropopause and lower strato-
sphere cool at high latitudes in the winter hemisphere
when vertical resolution isincreased in both their semi-
Lagrangian and Eulerian models. They do not show
changes in water vapor 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-La-
grangian 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.
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Corresponding plots of the water vapor tendencies
are shown in Fig. 10. In this case the total water vapor
tendency hasbeenincluded (Fig. 10b). Some of the main
features are similar in Figs. 10a and 10b. In particular
most of the drying in the Tropics and in the upper tro-
posphere and the moistening in the extratropical lower
troposphere and in the stratosphere are seen in both the
mean water vapor differences and in the total tendency.
The main difference is amoistening in the tropical mid-
troposphere, which does not affect the time mean. This
moistening comes partly from changes in convective
activity (Fig. 10d) and is consistent with the increased
detrainment in the midtroposphere identified by Inness
et a. (2001) and discussed in section 4b. Figure 10c
shows that the upper-tropospheric and stratospheric
changes are due to dynamics. They occur, first, because
in this region there is a rapid transition from moist tro-
pospheric to dry stratospheric air, and second, because
the vertical velocity decreases markedly between the
upper troposphere and the lower stratosphere. Thesetwo
factors are important because the vertical advectionterm
in the prognostic model equation for moisture takes the
form

172 [Ek+1/2(QTk+1 - qu) + Ek—l/z(qu - QTk—l)]a

where q; is total moisture (i.e., vapor + 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 wa-
ter vapor in Fig. 10.) With a strong decrease of both
vertical velocity and moisture between the upper tro-
posphere and lower stratosphere, the lower the resolu-
tion, the more erroneous the advection of moist tro-
pospheric air across the tropopause will be.

In the case of upward motion, high-tropospheric
moisture spreads upward. The lack of resolution in L19
means that the high moisture values spread farther up-
wards and then drop off more rapidly. A good example
of thisisin DJF (Fig. 7) where the effect of the ITCZ
is to transport moist air upward in the southern sub-
tropics. The signature of thisis barely perceptiblein the
HALOE fields, in the L30 model field there is a slight
bulge of moaister 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 low-
er stratosphere. In the case of downward motion unre-
alistically low moisture values can be generated above
the tropopause with L19, leading in some cases to neg-
ative 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.
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day 1.

The variation in vertical velocity with height, illus-
trated in Fig. 11, accentuates the effects outlined above
|eading to enhanced upward spread of high-tropospheric
water vapor when there is upward motion and more
likelihood of negative moisture where there is down-
ward 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 tropospherein the L30 model spread
to the lower stratosphere in the L 19 model. For example,
Fig. 11 shows that in the L30 model the —0.001 hPa
s~! contour reaches 100 hPa at low latitudes and is
below 150 hPa in southern midlatitudes (55°S), but ex-
tends as high as 84 and 120 hPa, respectively, in the
L19 model. Thisalso accentuatesthe difference between
vertical advection at the two resolutions.

Further evidence that the very low water vapor in the
stratospherein L19 is numerical and not physically sen-
sible comes from comparing values with minimum sat-
uration vapor pressures in the tropopause region. Figure
12 shows saturation vapor pressure at 100 hPa in DJF
The lowest saturation vapor pressures should determine
the lowest water vapor values in the stratosphere since

in reality there are no sinks of moisture in the strato-
sphere. The lowest saturation vapor pressures arise over
Indonesia—western Pacific and these are lower in the
L 30 model than in the L19 model (minimum values are
1.4 X 10-¢ kg kg~* for the L30 model and 2.4 X 10-©
kg kg~ for the L19 model). These fields are 17-yr sea-
sonal means, but an examination of 12-h fields for one
DJF season shows that the temporal variability is suf-
ficiently small that in the L 19 model the saturation vapor
pressure rarely falls below 2.2 X 10-% kg kg=*. The
actual stratospheric specific humiditiesfall aslow as0.3
X 10-% kg kg~* even in the zonal mean in the L19
model and these values clearly have no physical expla-
nation. In contrast, in the L30 model zonal mean values
do not fall below 1.4 X 10-¢ kg kg—* in the zonal mean
consistent with the minimum saturation vapor pressures
inFig. 12.

The increased resolution thus leads to a better rep-
resentation of the vertical structure and more accurate
dynamics in the extratropics. 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 extratropics leads to an
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improved climatology. The specific humidity isnot sim-
ply 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 processesin the Tropics

The response of the model to increased resolution is
more complex in the Tropics. It involves feedback be-
tween the various model schemes. The detail ed response
is particular to the UM and dependent on the parame-
terization 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 ap-
proach used here is thus likely to be useful for other
similar studies.

As pointed out in section 3a, there is a shift in pre-
cipitation from the convectively active regions to the
less active regions, improving the climatology in some
regions and degrading it in others. Changes in the cli-
matological mean precipitation for the latitude band
from 5°S to 5°N are shown in Fig. 13a together with
various spinup terms associated with convective activ-

ity. Collins et al. (2001) show that in the aguaplanet
version of HadAM3 there is less deep convection in the
L 30 model and more detrainment in the midtroposphere
(see aso 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 (2000,
personal communication) finds that the single-column
version of HadAM3 exhibits similar behavior. 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 seenin
our results (Fig. 13c). Over South America (60°W) and
southern Africa (30°E) and the Indonesian islands (e.g.,
100°E) convective increments act to increase moisture
in the midtroposphere consistent with enhanced detrain-
ment. Stabilization of the midtroposphere through in-
creased detrainment means that subsequent convection
is not as deep on average in these regions, consistent
with reduced precipitation. Reductionsin convective ac-
tivity locally will tend to be offset globally by increases
in activity elsewhere and this is exactly what happens
in the model. For example, northeast of the Indonesian
islands there is increased precipitation (the top right-
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hand corner of Fig. 13a, see also the broader region of
increased rainfall over the Pacific in Fig. 6b).

The changes in moisture distribution resulting from
the changes in convective activity affect the formation
of cloud. Figure 13b shows that more cloud forms in
the midtroposphere 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 550 hPa). There is also de-
creased longwave absorption in the upper troposphere
consistent with the reduced cloud. The resulting in-
creases in cooling above 600 hPa dominate the changes
in the net heating terms in the spinup integrations (Fig.
9) leading to the increased cold biasin the tropical mid-
and upper troposphere.

In summary, the tropical response to increasing ver-
tical resolution has a mixed impact on model systematic
errors. Improvements are indicated by V/, degradations
by X, and neutral changes by V' X in the following.

1) There is more detrainment from convection in the
midtroposphere. This may be partly due to better
representation of vertical structure and partly due to
unrealistic level dependence in the scheme. Preci-
pation decreases as there is less deep convection.

(V x)

2) Another impact of this is that more cloud forms in
the midtroposphere 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. V)

4) The upper troposphere is drier and less cloud forms
there. There is correspondingly less longwave heat-
ing by clouds in the upper troposphere contributing
further to the model’s cold bias. (X)

5) The net drying due to changes in convection dom-
inates the model’s moisture response (Figs. 10a and
10b) with the increased detrainment having little im-
pact on the zonal mean moisture climatology (Figs.
10a and 10c). (X)

6) The convective heating associated with these chang-
esisswamped by relative longwave radiative cooling
associated with the cloud changes (Figs. 9a and 9d).
(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 tem-
perature and moisture profiles. The resulting changesin
convective activity are responsible for the main changes
in basic model fields in the Tropics. Some of these re-
sponses are direct, namely those of precipitation and
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moisture. Others are indirect; in particular temperature
changes due to the impact of moisture changes on cloud
formation and cloud radiative forcing.

c. Water vapor and the radiative balance of the
atmosphere

Water vapor feedback on radiation is one of the im-
portant processes determining the net impact of changes
in greenhouse gases (Houghton et al. 1995). Conse-
quently, it isimportant to model the processes involved
accurately. The radiation scheme in HadAM 3 (Edwards
and Slingo 1996) represents all aspects of radiative
transfer in the atmosphere better than schemesin earlier
climate models. As we have aready shown, there are a
number of deficiencies in the model’s representation of
water vapor and the associated hydrological cycle. Some
of these are improved by increasing vertical resolution,
but others are not. This section focuses on the conse-
quences 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 vapor content of the at-
mosphere and temperature at the earth’s surface. Surface
longwave emission is controlled strongly by the surface
temperature. Water vapor affects OLRc by absorbing
radiation from the surface and surrounding atmosphere
and reemitting it at the local temperature. The atmo-

sphere is generally colder than the surface, so the ab-
sorption and reemission of longwave radiation by water
vapor 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 vapor and their impact on OLRc are
summarized in Fig. 14. Figure 14a shows the 17-yr DJF
mean of the top of atmosphere OLRc from the L30
model. Maxima in OLRc occur in the subtropical de-
scending 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 wide-
spread increases in OLRc in the Tropics (Fig. 14b) as-
sociated with decreases in column water vapor (Fig.
14e)—notice that the red areas in Figs. 14b and 14e are
well correlated. Local decreasesin OLRc in the Tropics
and subtropics are less obviously associated with in-
creases in column water vapor, although there are cor-
relations (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 changesin
surface temperature (Fig. 14d). 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
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FiG. 13. (a) Lat-long map from 5°S to 5°N of precipitation differences between the L30 and L 19 ensembles for the 17-yr 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 ten 3-day spinup
integrations, one set with 30 levels and the other with 19, both initialized from the same set of analyses. All plots are long—eta cross sections
averaged between 5°S and 5°N. (b) Latent heating in the cloud scheme plotted with a contour interval of 0.2 K day—*. (c) Convective
moisture tendency. The units are in kg kg—* and contours are 2 X 10-4, —10-5, 0, 10-¢, 10-%, 2 X 10-“. (d) Longwave heating due to

cloud scheme plotted with a contour interval of 0.2 K day .

strongly dependent on the circulation and cloud cover.
Consequently, the statistical significance of the differ-
encesissmall and only asmall percentage of the chang-
es show up in Fig. 14. Similar increases over Antarctica
are significant.

Many of the changes in column water vapor lead to
improvements in the simulation compared to ERA. This
can be seen by comparing Figs. 14e and 14f—improve-
ments arise where the plots have opposite colors and
vice versa. In particular, the decreases in water vapor
(colored 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 colored red) lead to improved
agreement between the model and ERBE—again com-
paring Figs. 14b and 14d improvements arise where
plots have opposite colors. The decreases in column
water vapor (colored red) over Indonesia worsen the
simulation both in terms of column water vapor and the
associated increases in OLRc. Despite the local im-
provements, the changes in zonal mean specific humid-

ity generally worsen the simulation (section 3a). The
reason for this is that the local negative biases are not
changed much, while the positive biases are reduced.
Comparing Figs. 14b, ¢, and d at high northern | atitudes,
itisclear that the small regions of statistically significant
increases in surface temperature at high northern lati-
tudes have a mixed impact on OLRc. In the Antarctic,
warmer surface temperatures in the L30 model (asso-
ciated with circulation changes, Fig. 5) apparently wors-
en the simulation. Neither of these results are particu-
larly conclusive since ERBE data are not reliable over
ice (Harrison et al. 1990). Overall the global mean OLRc
increases by 1.1 W m~2 reducing the global mean error
to -5W m=2,

5. Conclusions

We showed that 30 levels and a resolution of 25 hPa
around the tropopause are sufficient in the Hadley Cen-
tre climate model to adequately resolve the tropopause
and hygropause and the advection of temperature and
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FiG. 14. Lat—-long maps for the 17-yr DJF ensemble means from 1979 to 1995 for the following fields. (a) OLRc at the top of the atmosphere
for L30. The contour interval is 20 W m~2. (b) As (a) but L30 — L19. The contour interval is2 W m=2. (c) As (b) but L19 — ERBE. (d)
Surface temperature differences between L30 and L19. The contour interval is 1 K. () Column water vapor differences between L30 and
L19. The contour interval is 1 kg m=2. (f) As (e) but the difference between L19 and ERA. (b), (d), and (€) only show differences that are

significant at the 95% confidence level.

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 param-
eterizations, and in particular the convection scheme,
are formulated. In summary, the main changes in cli-
matology 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. V' [dynamics, radiation]

2) Tropical temperatures decrease. X [convection]

3) Ths/ westerly jets move equatorward and weaken.
X
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4) Both specific and relative humidity decrease in the
upper troposphere. V' [dynamics]

5) Tropical humidities decrease improving the simu-
lation locally, but worsening the zonal mean. V' X
[convection]

The Eulerian advection in the model is unable to ad-
vect moisture or temperature accurately in the tropo-
pause 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 for-
mulation 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 a. 1996) simulates upper-tropo-
sphere- ower-stratosphere water vapor reasonably well,
even at relatively low vertical resolutions (Land et al.
1999), while the Goddard Earth Observing System
semi-Lagrangian GCM (Chen and Bates 1996) simu-
lates the polar tropopause region better than a corre-
sponding Eulerian model.

Even with Eulerian advection the L30 model pro-
duces a very good simulation of temperature and mois-
ture 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 vapor in the stratosphere. The improvement in
the moisture distribution is particularly striking in the
lower stratosphere. At high levelsin the 19-level model
most of the moisture disappears, whereasin the 30-level
model thereis areasonable distribution of moisture. The
basic longitudinal structure of water vapor in thetropical
lower stratosphere associated with regions of strong and
weak convection iswell reproduced in the model. High-
latitude water vapor values are still too low, consistent
with the fact that there is no chemical source of water
vapor (through methane oxidation) in the model.

The reduction in the temperature bias in the extra-
tropical 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.

The response of water vapor and temperature in the
tropical troposphere to increased vertical resolution il-
lustrates the complex interaction between different
physical parameterizationsin the model. Changesin the
behavior of convection with improved representation of
the vertical structure of temperature and moisture lead
to enhanced detrainment of moisture in the midtropo-
sphere in some convectively active regions stabilizing
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the midtroposphere so that subsequent convection is not
as deep. Convective activity shiftsto lessactiveregions.
The net effect of these changes on moistureisto moisten
the midtroposphere and to dry the upper troposphere.
Associated increases in cloud in the midtroposphere and
decreases in the upper troposphere result in relatively
more longwave cooling in the upper troposphere and an
increased cold bias.

Other studies show avariety of responses of physical
parameterizationsto increasesin 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. (Note: our
experiments have little impact on the boundary layer,
as the bottom three levels are unchanged between the
L19 and L30 models.) However, they also find an un-
derlying sensitivity to vertical resolution in model in-
teractions between boundary layer and convection pro-
cesses that appears unrealistic. Studies with other mod-
els(e.g., Williamson and Olsen 1998) indicateimproved
behavior of convective parameterizationswith increased
resolution. Tompkins and Emanuel (2000) show that the
convection schemes they tested in their single-column
model converged at avertical resolution of 25 hPa. Work
isin 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 vapor 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 vapor structure and evolution
and itsinteraction with clear-sky radiation. For example,
reductions in column water locally and associated in-
creases in OLRc improve the simulation even though
they worsen the zonal mean response.
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APPENDIX A
Summary of HadAM 3 Model Formulation
Process Description References
Dynamics The current UM is a hydrostatic, gridpoint model using an Cullen (1993); Cullen and Davies
Arakawa B grid and hybrid vertical coordinates. It uses an (1991)
Eulerian advection scheme. Both integrations use a 2.5° lat
X 3.75° long grid and a 30-min time step.
Radiation The scheme has six shortwave bands and eight longwave Edwards and Slingo (1996) and modi-
bands. It includes the effects of CO,, H,0O, O,, O,, N0, fied by Cusack et al. (1999). Aero-
CH,, CFC11, and CFC12. The model uses trace gas values sol effects Cusack et al. (1998)
appropriate for the AMIP2 period, i.e., 1979-1995. It also
includes the effects of background aerosols.
Clouds The prognostic cloud scheme diagnoses cloud ice, cloud wa- Smith (1990) and modified by Grego-
ter, and cloud amount from the primary model variables g, ry and Morris (1996)
(total moisture) and liquid water potential temperature.
Precipitation Large-scale precipitation forms in association with stratiform  Senior and Mitchell (1993); Gregory
cloud. (1995)
Convection Moist and dry convection are modeled using the penetrative Gregory and Rowntree (1990); Grego-

mass-flux scheme with the addition of convective down-

drafts.

Gravity wave drag Orographic gravity wave drag

Boundary layer Loca mixing scheme

Convective momentum transport  The direct impact of convection on horizontal momentum
Land surface Met Office Surface Exchange Scheme

Sea surface temperature Monthly mean sea surface temperatures and sea ice
Ozone Lat—pressure monthly climatology

ry and Allen (1991)

Gregory et al. (1998)
Smith (1990, 1993)
Gregory et a. (1997)
Cox et a. (1999)
Fiorino (1996)

Wang et a. (1995)

APPENDIX B

Testing for Statistical Significance

The statistical significance of differences between the
L 30 and L19 ensemble meansis assessed by performing
atwo-sample t test. The T statistic is calculated as fol-
lows:

T= (m30 - mlg)/(sgﬂln?’ﬂnyr + SfQ/nlsanyr)l/Z! (Bl)

m,, and m,, are the time mean ensemble means of the
L30 and L 19 fields, respectively; s3,/n;on,, and si/n,on,,
arethe corresponding variances; n,, and n,q are the num-
ber of GCM integrationsin the L30 and L19 ensembles,
and n,, is the number of years (i.e., 17) run for each
ensemble member.

The time mean ensemble means are calculated in the
usual way:

Nens Nyr

m = :lj(nyrnens) 2 2 Xij

j=1 i-1

(B2)

Nens 1S the number of ensemble members, x; is any field
at either a single model grid point or a zonal mean.

Here s3, and s%, 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 var-
iance on each ensembl e, 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 autocor-

relation, in which case s}, and s, may be underesti-
mated. The amount of autocorrelation between the x; is
estimated as follows. The pooled lag — 1 correlation
coefficient, «, of deviations of the ensemble members
from the ensemble mean is found. A t test is then per-
formed to see if « is significant as some correlation
would be expected by chance. If the autocorrelation is
significant then the Eqg. (B1) must be modified as fol-
lows:

T= (mso - mlg)/(s.:%OaSO/n30nyr + ngam/nmnyr i (B3)
where a,,; = [1 + [(aee) [1/[1 — [(tes) [1- This in-
creases the estimate of internal variance. The only fields
affected are zonal-mean specific humidity in the strato-
sphere.

Finally T obtained from Egs. (B1) or (B3) as appro-
priate is compared with a standard t distribution (in a
two-tailed test) to determine whether m,, and m,, 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 thet dis-
tribution used in the t test:

Degrees of freedom
= {(sh/ney + si/ne,)?

- %40/[ne§0(l’le30 + 1)] + ng/[nefg(nelg + 1)]} -2,

where ne,,, = N, Ny/as,. This allows for the possi-
bility of unequal variances in the L19 and L30 ensem-
bles.
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