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Summary

A land-surface model (MOSES) was tested against
observed fluxes of heat, water vapour and carbon dioxide
for two primary forest sites near Manaus, Brazil. Flux data
from one site (called C14) were used to calibrate the model,
and data from the other site (called K34) were used to
validate the calibrated model. Long-term fluxes of water
vapour at C14 and K34 simulated by the uncalibrated
model were good, whereas modelled net ecosystem
exchange (NEE) was poor. The uncalibrated model
persistently underpredicted canopy conductance (gc) from
mid-morning to mid-afternoon due to saturation of the
response to solar radiation at low light levels. This in turn
caused a poor simulation of the diurnal cycles of water
vapour and carbon fluxes. Calibration of the stomatal con-
ductance=photosynthesis sub-model of MOSES improved
the simulated diurnal cycle of gc and increased the
diurnal maximum NEE, but at the expense of degrading
long-term water vapour fluxes. Seasonality in observed
canopy conductance due to soil moisture change was not
captured by the model. Introducing realistic depth-depen-
dent soil parameters decreased the amount of moisture
available for transpiration at each depth and led to the
model experiencing soil moisture limitation on canopy
conductance during the dry season. However, this limitation
had only a limited effect on the seasonality in modelled
NEE.

1. Introduction

Many studies have shown that modelled land-
surface fluxes exert a strong influence on the
climate simulated by global circulation models
(GCMs; Garratt, 1993). As a result, land-surface
parameterisations have evolved from simple
descriptions involving globally uniform albedo,
roughness length and stomatal conductance to
more complex and realistic soil-vegetation-atmo-
sphere transfer (SVAT) schemes. These models
have provided useful tools for assessing the
potential impact of land-surface change on cli-
mate. For example, numerous GCM studies have
assessed the impact of large-scale deforesta-
tion in Amazonia (Dirmeyer and Shukla, 1994;
Polcher, 1995; Lean et al., 1996) and found sig-
nificant modification of climate both locally and
remote to the land-surface change.

More recent work has shown that the converse
is also true, in that modelled vegetated land cover
is sensitive to climate. White et al. (1999) forced
a dynamic vegetation model (Hybrid; Friend
et al., 1997) with a GCM climate simulated



under increasing greenhouse gas emissions. They
found that large areas of the modelled Amazo-
nian rainforest changed to savanna or desert
by the year 2080. Friedlingstein et al. (2001)
demonstrated that change in the rate of carbon
uptake by the terrestrial biosphere has the poten-
tial to amplify climate change by increasing the
rate at which CO2 accumulates in the atmo-
sphere. Cox et al. (2000) ran simulations using
a coupled atmosphere-ocean GCM including a
closed carbon cycle with dynamic vegetation
forced by increasing anthropogenic greenhouse
gas emissions – thus allowing for feedbacks
between climate and the carbon cycle. This
model experiment also resulted in the replace-
ment of Amazonian rainforest by grassland and
desert, and subsequent acceleration of anthropo-
genically induced climate change. Elsewhere in
this issue, Cox et al. (2004) and Betts et al.
(2004) present further analysis of this experiment
with respect to Amazonia. Betts et al. demon-
strate that physiological, biogeographical and
biogeochemical feedbacks between the Amazo-
nian land-surface and climate contribute to
approximately 50% of the modelled future pre-
cipitation reduction in this region.

These studies highlight the importance of inte-
grating the carbon cycle into GCM simulations
of future climate. But in doing so it is also impor-
tant that the ability of different GCM com-
ponents (such as the land-surface scheme) to
simulate present conditions is tested against
observations. Computational limitations require
that these tests be carried out with the land-sur-
face scheme off-line from the GCM (Delire and
Foley, 1999). In this paper Version 2 of the Met
Office Surface Energy Scheme (MOSES, Cox
et al., 1999) is tested and calibrated against car-
bon dioxide and water vapour flux data from two
primary rainforest sites near Manaus, Brazil.

2. Sites and data

Field measurements were used from two primary
rainforest sites, called C14 and K34, in the Reserva
Biol�oogica do Cuieiras (a forest reserve belonging
to Instituto Nacional de Pesquisas da Amazonia,
INPA), located roughly 60 km north of Manaus,
Amazonas, Brazil. Malhi et al. (1998, 2002) and
Ara�uujo et al. (2002) describe these data in detail, so
only a summary is presented here.

At the C14 site (2�350S, 60�060W), micro-
meteorological data were collected from a
41.5 m tower situated on a broad plateau, with
an eddy-covariance system mounted on a mast
5 m above the tower. At the K34 site (2�360S,
60�120W), located approximately 11 km south-
west of the C14 site, meteorological data were
collected from a 50 m tower situated on a me-
dium sized plateau. Flux data were collected using
an eddy-covariance system mounted on a mast
3 m above the tower. The forest canopy at both
sites has a height of approximately 30 m and leaf
area index (LAI) estimates for nearby sites range
from 5.7 to 6.6 (Roberts et al., 1996).

The climate at these sites is characterised by
little seasonal variation in temperature and solar
radiation, and a large seasonal variation in rainfall.
A short dry season from July to October occurs
when the Intertropical Convergence Zone (ITCZ)
is at its northern extreme. Total rainfall at C14 for
the year 1 September 1995 to 31 August 1996 was
2088 mm, with 1118 mm falling during the study
period of 1 September 1995 to 8 May 1996. This
rainfall was close to the long-term average for
Manaus city. The mean annual air temperature
was 25.1 �C, with monthly means ranging from
24.2 �C in February to 26.9 �C in September. At
K34, total rainfall for the year 16 June 1999 to
15 June 2000 was 2804 mm, making it one of the
wettest years compared with the Manaus record.
This rainfall anomaly has been linked with ‘‘La
Ni~nna’’ conditions in the equatorial Pacific (Ara�uujo
et al., 2002). Mean annual air temperature was
25.6 �C, with monthly means ranging from
24.4 �C in April to 26.8 �C in November.

The C14 flux data covered a period of just over
seven months from 1 September 1995 to 8 May
1996, during which time most surface climate
variables were available for all hours. Short peri-
ods of missing rainfall data were filled with data
from a nearby forest site. For the seven month
period, eddy-covariance water vapour, heat and
CO2 flux data were available for 53%, 63% and
53% of the time respectively. The K34 flux data
covered a period of 11 months from 21 June
1999 to 23 May 2000. During this period,
eddy-covariance water vapour, heat and CO2 flux
data were available for 75%, 76% and 75% of the
time respectively.

The flux data at C14 had been reanalysed to
include the effect of low frequency transport on
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the observed fluxes (Malhi et al., 2002), which
increased energy closure at this site from 77% to
94%. This equated to increases in mean water
vapour, heat and CO2 fluxes of 32.1%, 43.3%
and 30.7% respectively. Energy closure at K34
was 76%, a value typical for eddy-covariance
measurements at tropical forest sites. The raw
data from K34 were not available, so the effect
of the reanalysis procedure on closure at this site
could not be included. Reanalysis of the raw data
by Malhi et al. (2002) increased mean evapora-
tion at C14 from 2.1 to 2.8 mm day�1, still less
than observations from other forest sites of
3.6 mm day�1 (Shuttleworth, 1988; von Randow
et al., 2004) and 3.9 mm day�1 (Sommer et al.,
2002). However, Malhi et al. and Harris et al.
(2004) suggest that stomatal conductance be-
tween September and November 1995 at C14
was limited by low soil moisture, which may also
have led to this relatively low evaporation rate.

If the mean flux increases from the C14 re-
analysis were applied to K34, energy closure
would increase to 102% and mean evaporation
increase from 2.9 mm day�1 to 3.8 mm day�1, a
value consistent with other estimates over Ama-
zon rainforest. This correction to K34 was not
applied in this study because of potential differ-
ences between the two sites. Using data taken
concurrently at sites C14 and K34 during
1999–2000, Ara�uujo et al. (2002) noted that max-
imum daytime CO2 uptake was systematically
higher at C14 than at K34. Their analysis sug-
gested that this discrepancy was due to physical
differences between the two sites and not mea-
surement errors. Also, in this issue von Randow
et al. (2004) applied the reanalysis procedure to
the raw eddy-covariance data from a rainforest
site in Southern Amazonia and only increased
closure from 73% to 84%.

It is likely that the low evaporation rate seen at
K34 was primarily due to poor energy closure,
and the low evaporation rate seen at C14 was
primarily due to soil moisture limitation. The
reanalysed C14 data were used for the model
calibration in this study because of the superior
energy closure over K34, despite K34 having a
longer and more complete dataset. As MOSES
was calibrated against CO2 fluxes, potential site
differences should be kept in mind when compar-
ing the performance of the calibrated model at
site K34. However, they are also useful for assess-

ing which aspects of the calibration might be
transferable between Amazonian rainforest sites.

Flux measurements from both sites indicate
that the forest ecosystem is an unrealistically
strong net carbon sink (Malhi and Grace,
2000). Possible reasons for this are that the
eddy-covariance method systematically under-
estimates respiration during a stable nocturnal
boundary layer, or that at night respired CO2 is
advected within the canopy and released in more
open areas, such as river valleys. In either case,
daytime fluxes are thought to be more reliable
than night-time fluxes, so only CO2 fluxes
between 0800 and 1800 hours were used for
model calibration.

The soils in this area are a yellow clay latosol
(Brazilian classification) or oxisol (U.S. classifi-
cation), with clay and sand content of 80% and
10% respectively. Hodnett et al. (1996b) calculate
the available water capacity to be only about
70 mm m�1 in the upper metre and about
30 mm m�1 below 2 m. They estimate that the
maximum water uptake below 2 m by vegetation
can reach 250 mm in a dry year.

3. Model and methods

The land-surface model used in this study,
MOSES, is currently used in Version 3 of the
Hadley Centre GCM (HadCM3). A summary of
elements relevant to this work follows; for a more
comprehensive description the reader is referred
to Cox et al. (1999) and Essery et al. (2001).
MOSES calculates the surface energy, moisture
and momentum balance for nine surface types
(five vegetation and four non-vegetation) under
the same near-surface forcing. The energy balance
is calculated for each surface type separately as,

Rn ¼ �E þ H þ G ð1Þ
where Rn is net radiation at the surface (W m�2),
�E is latent heat flux (W m�2), H is sensible heat
flux (W m�2), and G is ground heat flux (W m�2).
Net radiant energy is partitioned between latent,
sensible and ground heat fluxes following a
Penman-Monteith approach (see Monteith, 1965).

For vegetation surfaces, the canopy-level sur-
face carbon balance is calculated as,

NEE ¼ Rs � NPP ð2Þ

NPP ¼ GPP� Rv ð3Þ

Amazonian land-surface modelling 29



where NEE is net ecosystem exchange,
(kgC m�2 s�1),Rs is heterotrophic (soil) respiration
(kgC m�2 s�1), Rv is autotrophic (plant) respiration
(kgC m�2 s�1), NPP is net primary productivity
(kgC m�2 s�1) and GPP is gross primary produc-
tivity (kgC m�2 s�1). Negative NEE values corre-
spond to net carbon uptake by the land-surface.

Leaf-level net photosynthesis, A (mol
CO2 m�2 s�1), is related to leaf-level stomatal
conductance for water vapour, gl (m s�1), as a
function of humidity deficit, D� (kg kg�1), leaf-
surface temperature, T� (K), and leaf-surface and
internal CO2 partial pressures, respectively cc
and ci (both Pa) by the equation,

A ¼ gl

1:6RT�
ðcc � ciÞ; ð4Þ

where R is the gas constant, and the factor 1.6
accounts for gl being conductance for water vapour
rather than CO2. Potential (non-moisture stressed)
leaf-level photosynthesis, Ap (mol CO2 m�2 s�1),
is calculated using physiologically-based relation-
ships for C3 and C4 plants (Collatz et al., 1991,
1992) and is related to A by

A ¼ �ApðX; ciÞ; ð5Þ

where X is a general vector of environmental
variables, and � is the soil moisture availability
factor. Photosynthetically active radiation (PAR)
is taken to be a fraction 0.5 of incident solar
radiation. The total soil moisture limitation fac-
tor, �, is calculated as a mean of � on each soil
level, �r, weighted by a depth-dependent root
density, such that

�r ¼
0 �r��w
�r��w
�c��w

�w<�r<�c
1 �r � �c

8<
: ð6Þ

where �r is soil moisture content of a soil layer
(m3 m�3), and �c and �w are the critical and
wilting soil moisture contents respectively (both
m3 m�3). Equations (4) and (5) contain three
unknowns, A, gl and ci, for which closure is
obtained following the method of Jacobs (1994):�
ci � G
cc � G

�
¼ f0

�
1 � D�

Dc

�
ð7Þ

where G (mol m�3) is the CO2 photorespiration
compensation point, and f0 and Dc (kg kg�1) are
fitting parameters.

Scaling conductance and photosynthesis from
leaf- to canopy-level is done following the method
of Sellers et al. (1992), by which top-of-canopy
leaf-level values are multiplied by a function of
leaf area index, L, to yield canopy-level values:

fpar ¼
1 � e�0:5 L

0:5
: ð8Þ

GPP and Rv in Eq. (3) are calculated as functions
of canopy-scale photosynthesis, Ac.

In standard GCM configuration, MOSES has
four soil layers extending to a total depth of
3 m. There are three soil types (fine, medium
and coarse) with thermodynamic and hydrological
parameters defined in look-up tables. Root depth
is 3 m for broadleaf trees, and root density de-
creases exponentially with depth. Soil matric
potential, c (kPa), hydraulic conductivity, k
(mm h�1), and soil moisture content, �, are related
following Campbell (1974) using Eqs. (9) to (11).

S ¼ �

�s
ð9Þ

c ¼ csðSÞ
�b ð10Þ

k ¼ ksðSÞ2bþ3 ð11Þ
where cs, ks and �s are the matric potential,
hydraulic conductivity and soil moisture volume
fraction respectively at saturation, and S is the
non-dimensional relative saturation. Transpira-
tion is unlimited by soil moisture for c greater
than �33 kPa (�¼ 1), but below that point lim-
itation increases linearly with � until transpira-
tion ceases for c less than �1500 kPa (�¼ 0).

Table 1 gives values for site-specific param-
eters that were fixed in all simulations. Only
the broadleaf tree surface type was used because

Table 1. Site-specific parameters used in all MOSES simu-
lations at each site. Zero plane displacement was calculated as
0.86 h following Shuttleworth (1989). Reference height was
defined as the vertical distance between zero plane displace-
ment and the height at which observations were taken

Parameter C14 site K34 site

Soil carbon, Cs (kg m�2) 6.24 6.24
Canopy height, h (m) 30.0 30.0
Zero plane displacement,
z0 (m)

25.8 25.8

Reference height, zr (m) 20.7 24.2
Leaf area index, LAI 5.5 5.5
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the forest was continuous to distances greater
than the fetch of the instruments. The perfor-
mance of MOSES in standard setup is assessed
for both C14 and K34 sites. Parameters for cali-
bration are identified, and calibrated against re-
analysed C14 data by minimising normalised
root mean squared errors in NEE and �E fluxes.
The resulting calibration is then tested against
independent flux data from K34.

4. Results

4.1 Uncalibrated MOSES

Mean observed and modelled fluxes of heat, mois-
ture and carbon are shown in Table 2 for the C14
and K34 sites. Results are quoted as mean per day
values to allow comparison of the two sites.
Observed mean evaporation through the study pe-
riods was similar for both sites at 2.8 mm day�1 for
C14 and 2.9 mm day�1 for K34. Uncalibrated
MOSES was in good agreement with observations
at both sites with mean evaporation rates of
2.9 mm day�1 and 3.2 mm day�1 at C14 and K34
respectively. Observed mean heat fluxes through
the study periods (in units of equivalent moisture
flux) differed between the sites with 1.3 mm day�1

at C14 and 0.8 mm day�1 at K34. Uncalibrated
MOSES simulated a similar mean heat flux for
both sites of 1.6 mm day�1, which corresponded
to a greater overestimation for K34 than for C14.
The observed Bowen ratio (�E=H) for C14 was
somewhat high at 0.46, while the K34 ratio of
0.28 was more typical of rainforest sites. The mod-
elled Bowen ratios were similarly high for both
sites with 0.55 and 0.50 for C14 and K34 respec-
tively. Malhi et al. (2002) and Harris et al. (2004)
suggest that low soil moisture content at C14

through the first few months of the study period
(September–November 1995) limited evaporation
at this site, which may explain partly the high
Bowen ratio there. Conversely, K34 evaporation
was not limited by soil moisture and exhibited a
more usual Bowen ratio. The reanalysis procedure
included in the C14 data tends to preserve the
Bowen ratio while increasing the magnitude of
latent and sensible heat fluxes to improve energy
closure. So, it is likely that the discrepancy
between modelled and observed Bowen ratios at
K34 were a deficiency of the model rather than
an artifact of imperfect energy closure.

Mean observed daytime NEE flux was
�150 kgC ha�1 day�1 at C14 and �107 kgC ha�1

day�1 at K34. As explained in Section 2, night-
time carbon fluxes were considered to be unreli-
able, so only observations between the hours of
0800 and 1800 local time were included in these
means. For this reason the NEE totals and mean
flux rates quoted here should not be regarded as
true net carbon balances of the sites. Over day-
time hours, uncalibrated MOSES underestimated
the mean NEE flux as �56.8 kgC ha�1 day�1 at
C14 and �47.8 kgC ha�1 day�1 at K34.

Figure 1 shows ten day mean observed and
modelled fluxes of moisture, heat and carbon for
both sites. At C14, MOSES in default setup
tended to overpredict evaporation at the beginn-
ing of the study period (October, November) and
underpredict in the following months (December,
January). At both sites the model exhibited less
variability in evaporation through the study period
than was seen in the observations. For heat flux,
Fig. 1c shows that the model performed well
through most of the study period at C14, but
began to overestimate during March and April,
the last two months of the run. At K34, however,

Table 2. Mean observed and modelled fluxes of moisture, E (mm day�1), heat, H (mm day�1), and carbon, NEE
(kg C ha�1 day�1), at sites C14 and K34. Heat fluxes are shown in units of equivalent evaporation. Also given are the number
of observations, n, over which the means were taken. For NEE, only observations between the hours of 0800 to 1800 inclusive
were used. Observations for C14 include the reanalysis of Malhi et al. (2002)

C14 site K34 site

E H NEE E H NEE

Observed 2.8 1.3 �150 2.9 0.8 �107
Default 2.9 1.6 �56.8 3.2 1.6 �47.8
STOM 3.4 1.1 �128 4.0 0.5 �128
SOIL 2.9 1.5 �98.1 3.7 0.9 �117
n 3094 3648 1155 12942 13211 4879
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Fig. 1. Observed and modelled 10 day mean (a, b) evapotranspiration, (c, d) sensible heat flux, and (e, f) net ecosystem
exchange for the C14 and K34 tower sites respectively. Sensible heat fluxes are shown in units of equivalent moisture flux
(mm). For NEE, only data between the hours of 0800 and 1800 inclusive were included
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the model overestimated heat flux all through the
study period (Fig. 1d). Figure 1e and 1f show that
the NEE underestimation occurred throughout
both of the model runs and was not restricted to
any particular period or time of year.

Mean diurnal cycles of moisture, heat and car-
bon fluxes for dry months (July to December)
and wet months (January to June) are shown in

Fig. 2 for C14 and Fig. 3 for K34. In addition to
the seasonal errors identified from the ten day
means, there was a tendency for modelled evap-
oration and NEE to decline after 1000 h rather
than continuing to rise to a diurnal maximum at
1200 h, as observed. At the same time, sensible
heat fluxes became greater than observed, espe-
cially at K34, suggesting an incorrect stomatal

Fig. 2. Mean modelled and observed diurnal
cycles of (a, b) latent heat flux, (c, d) sensible
heat flux and (e, f) net ecosystem exchange
for dry months (October–December 1995)
and wet months (January–April 1996) at
the C14 tower site
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response to environmental conditions. There was
also a persistent phase difference between mod-
elled and observed heat flux at C14 such that the
model lagged observations by 1–2 hours. This
was due to modelled ground heat fluxes of
�60 W m�2 during morning and afternoon.

Estimates of canopy (or bulk-stomatal) conduc-
tance, gc, were calculated from moisture flux data

using an inverted Penman-Monteith equation
(Monteith, 1965). To avoid periods of wet-canopy
evaporation gc estimates were filtered to exclude
the 24 hours following any rainfall event. Mean
dry and wet month diurnal cycles of observed
and modelled gc for both sites are shown in
Fig. 4. Stomatal closure from mid-morning to
mid-afternoon caused a persistent underprediction

Fig. 3. Mean modelled and observed diur-
nal cycles of (a, b) latent heat flux, (c, d)
sensible heat flux and (e, f) net ecosystem
exchange for dry months (July–December
1999) and wet months (June 1999,
January–May 2000) at the K34 tower site
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of daytime maximum gc by MOSES. This prob-
lem was reflected most severely in modelled NEE
where the diurnal maximum was only about 50%
of that observed.

The photosynthesis sub-model was isolated to
estimate the potential maximum rate of carbon
uptake in the model. A soil carbon content of
6.24 kgC m�2 and mean soil temperature of
27 �C were assumed, which gave a soil respira-
tion of 0.4� 10�3 kgC ha�1 s�1. In optimal
environmental conditions, the maximum possible
simulated NEE was approximately �1�
10�3 kgC ha�1 s�1. Maximum observed NEE
values during the wet season were approximately
�3� 10�3 kgC ha�1 s�1 at C14 and �2�
10�3 kgC ha�1 s�1 at K34. So, even in conditions
of high light levels, low humidity deficit and satu-
rated soil moisture, when stomata would be at
their most open, it was not possible for modelled
NEE to match observed daily maximum values.

Figure 4 also shows that MOSES did not exhib-
it differences in daily maximum gc between
wet and dry months seen in the observations at
C14 and to a lesser extent at K34. Harris et al.
(2004) and Malhi et al. (2002) attribute the sea-
sonal variation at C14 to changes in soil moisture
content rather than changes in solar radiation,
temperature or humidity. MOSES did not simu-
late moisture stress at either site using either the
default or STOM parameters, which suggested
the default soil parameters were inappropriate
for this region. These two problems occur on
different time scales (diurnal and seasonal) and
so were amenable to investigation and calibration
separately.

4.2 Calibrated stomatal model

From the results of Section 4.1, two parameters
in the Jacobs closure equation (Eq. (7)) and two

Fig. 4. Mean diurnal cycles of canopy
conductance for (a, b) C14 and (c, d)
K34 tower sites. The respective observa-
tions periods and definition of dry and
wet months are given in the captions to
Figs. 2 and 3. Calculated from eddy-corre-
lation measurements of evaporation and
an inverted Penman-Monteith equation. Ob-
servations and model values are filtered
to include only the hours 0600 to 1800,
and to exclude the 24 hours after any rainfall
to avoid periods when wet-canopy evapo-
ration rather than transpiration dominates
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parameters in the photosynthesis submodel were
identified for calibration. These were, Dc, critical
humidity deficit (kg kg�1); f0, ratio of leaf-
internal to leaf-surface CO2 partial pressures at
saturation; Nl0, top leaf nitrogen-carbon ratio
(kg(N) kgC�1); �, quantum efficiency (mol(CO2)
mol(PAR)�1). The modelled stomatal response
(i.e. canopy conductance, gc) is affected primar-
ily by f0 and Dc through temperature and humid-
ity deficit, and by Nl0 and � through the rate of
photosynthesis.

The model was calibrated by minimising the
objective function,

F ¼
Pn1

i¼1ðEim � EioÞ2

Pn1

i¼1ðEio � EoÞ2

þ
Pn2

j¼1ðNEEjm � NEEjoÞ2

Pn2

j¼1ðNEEjo � NEEoÞ2

against observed flux data from the C14 site
including reanalysis by Malhi et al. (2002),
where E (mm s�1) is the rate of evaporation from
the surface. A constant value for the latent heat
of vaporisation, �, of 2.501 MJ kg�1 when con-
verting between evaporation rate and latent heat
flux. The subscript ‘o’ refers to observations, ‘m’
to modelled values, and n1 and n2 are the number
of observations of E and NEE respectively.
Observed profiles of canopy CO2 were not avail-
able for calculating CO2 storage within the
canopy airspace, which can account for a sig-
nificantly discrepancy between NEE in the
morning. It was assumed that the effect of
neglecting canopy storage was minimised by
only using data between 0800 and 1800 hours.
Ideally the model would have been calibrated
against observed NPP rather than NEE, but
observations of soil respiration were not avail-
able, and it was considered inappropriate to use
uncertain estimates from empirical functions of
soil temperature. Ara�uujo et al. (2002) recently
observed a mean soil respiration efflux in
Reserva Cuieiras forest of 67 kgC ha�1 day�1

with only a small diurnal range, whereas
daytime NEE regularly peaks at around
�260 kgC ha�1 day�1 with a much larger diurnal
range than soil respiration. Because of this it was
assumed that the daytime stomatal response
could be calibrated from NEE without too much
interference from the diurnal cycle of soil

respiration. Sensible heat flux measurements
were not used in the objective function as the
phase difference between model and observa-
tions led to large hourly errors which strongly
biased the optimisation.

The resulting optimised parameters when a
medium soil type was used (STOM) are given
in Table 3 along with the MOSES default values
for broadleaf trees. When the STOM parameters
were used the modelled mean evaporation at C14
increased to 3.4 mm day�1 and mean sensible
heat flux decreased to 1.1 mm day�1. Mean
NEE decreased to �128 kgC ha�1 day�1. Ten
day mean values of NEE (Fig. 1c) show that
NEE decreased for all months of the study period
to be in better agreement with observations.

Results were similar when the STOM param-
eters calibrated at C14 were used to simulate
the K34 data. Mean evaporation increased to
4.0 mm day�1 and mean sensible heat flux
decreased to 0.5 mm day�1. The changes in mean
latent and sensible heat flux at each site corre-
sponded to reduced Bowen ratios of 0.32 and
0.13 at C14 and K34 respectively. These values
were lower than observed and indicate that
improving the modelled carbon uptake degraded
the modelled energy partition at both sites.
Figure 1b and 1d show that much of the discrep-
ancy in the mean was from errors in the dry
season between July and December 1999. During
the wetter succeeding months, modelled heat and
moisture fluxes agreed well with observations.
Furthermore the modelled variability between
months was in better agreement with observa-
tions than when the default parameters were
used. NEE decreased throughout the run to be
in good agreement with observations, with mean

Table 3. Parameters used in the stomatal conductance and
photosynthesis components of MOSES. Default values refer
to the ‘broadleaf tree’ plant functional type defined in
MOSES. STOM is the calibrated parameters when the medi-
um soil type is used. SOIL is the calibrated parameters when
the soil parameters given in Tables 4 and 5 are used

f0 Dc Nl0 �
(kg kg�1) (kg(N)

kg(C)�1)
(mol(CO2)
mol(PAR)�1)

Default 0.875 0.090 0.040 0.080
STOM 0.650 0.182 0.174 0.057
SOIL 0.685 0.185 0.207 0.066
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NEE decreasing to �128 kgC ha�1 day�1, the
same rate of carbon uptake modelled for C14
using the STOM parameters.

Mean dry and wet month diurnal cycles of �E,
H and NEE using the STOM parameters are
shown in Figs. 2 and 3. Calibration limited the
afternoon decline in �E and NEE seen in the
default model, and allowed NEE to achieve
a more realistic daytime maximum. This is
reflected in an improved simulation of the diurnal
cycles of gc at both sites (Fig. 4). However, the
calibrated model exhibited little of the seasonal
variation in daytime maximum gc seen in obser-
vations. This was most obvious at C14 where the
model overestimated gc through the end of
the dry season and underestimated gc through
the beginning of the wet season (Fig. 4). Obser-
vations indicate that during the study period gc
was limited by soil moisture. Modelled soil
moisture was lower than observed in both runs
(Fig. 5b), but the soil moisture limitation factor,
�, remained equal to unity for most of the run
period (Fig. 6). This resulted in both the default

and calibrated models exhibiting little of the
observed variation in gc between months.

4.3 Soil parameters

Correa (1984) and Hodnett et al. (1996b) esti-
mate that soils in the region of these tower sites
have a plant available water content of about
130 mm over the top 3 m, and 30 mm m�1 below
this. In contrast, the default soil type used in
HadCM3 for this region has a plant available
water content of 966 mm over the top 3 m, with
roughly 648 mm extractable before stomatal con-
ductance is limited by soil moisture. This means
that MOSES is able to satisfy demand for water
with extraction from the top 3 m of soil without
moisture limitation. It should be noted that the
soil parameters used in a GCM are chosen to
represent the functioning of a large area, typi-
cally �104 km2, so should not be expected to
represent accurately individual sites within that
area. Measurements in this area indicate that dur-
ing most years the forest has to extract water

Fig. 5. Observed values of (a) 10 day
totals of rainfall (b) total soil moist-
ure content in the top three metres for
the C14 tower site. Also shown in (b)
are the modelled total soil moisture
content in the top three metres
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from depths between 2 m and 9 m (Hodnett et al.,
1996b). Roots have been found as deep as 12 m
in Amazonian rainforest (Nepstad et al., 1994),
but it is unclear to what extent they are used for
water extraction. Root depth was kept at 3 m
because of uncertainties in the way forests use
deep roots for water uptake and because soil
parameters were not available for greater depths.

New depth-dependent soil parameters for
MOSES were generated from soil parameters
measured at a nearby forest site with similar
textural properties (Wright et al., 1996). The
parameters taken from Wright et al. were those
for a van Genuchten (1980) (VG) scheme
(�soil; n; �s; �r; ks) rather than for the Campbell
(1974) scheme (cs; b; �s; ks) used in MOSES.
Algebraic relations, such as those in Lenard
et al. (1989) and Morel-Seytoux et al. (1996),
allow the VG parameters �soil and n to be con-
verted to the equivalent Campbell parameters, cs

and b in Eqs. (10) and (11). However, the two
schemes still differ in their definition of relative
saturation, Eq. (9). The VG scheme includes a
residual soil moisture content such that when S
equals zero, there is �r unextractable moisture
left in the soil, whereas the Campbell scheme
assumes that all moisture can be extracted. In

many soils �r is close to zero or very low com-
pared to �s, in which case there is little difference
between the VG definition of relative saturation
and Eq. (9). However, for the clay soils in this
region, �r is a significant fraction of �s, so could
not be neglected. This difference was easily
accounted for, by redefining � in Eq. (9) as,

Y ¼ �� �r; ð12Þ
and adjusting dry soil heat capacity, Cdry, and dry
soil heat conductivity, �dry, to account for the
thermal properties of the residual moisture at
Y ¼ 0.

Depth dependent Campbell parameters, con-
verted from VG parameters using the relation
of Lenard et al. (1989), are shown in Tables 4
and 5. Lower saturated and wilting points meant
that plant available water content in the top 3 m
was reduced from 966 mm to 327 mm. Residual
moisture content was 0.3 m3 m�3 at each level.
Lower values for the exponent, b, meant that k
and c were more sensitive to changes in soil
moisture content. With these new soil param-
eters, f0;Dc;Nl0 and � were again optimised
using the same method as in Section 4.2, and
the resulting parameter set (SOIL) is shown in
Table 3.

Fig. 6. Modelled soil moisture stress func-
tion, �, for (a) C14 and (b) K34 sites.
When �¼ 1 the vegetation is experiencing
no stress due to soil moisture deficit, and
stomatal conductance is limited only by
temperature, humidity, light and CO2.
When �¼ 0 stomata are completely closed
in response to low soil moisture content, so
transpiration and photosynthesis cease
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The stomatal parameter set SOIL was similar
to STOM, indicating that improvements made to
the diurnal stomatal response were not affected
by the change in soil parameters. In the SOIL
simulation mean evaporation at C14 was
2.9 mm day�1 and mean heat flux was
1.5 mm day�1, similar to observations and default
MOSES. At K34, mean evaporation was overes-
timated at 3.7 mm day�1, but mean heat flux was
similar to observations at 0.9 mm day�1. Mod-
elled Bowen ratios were 0.51 at C14 and 0.24
at K34, which was an agreement with observed
values at both sites not seen in simulations with
either the default or STOM parameters. Figures
2a, c and 3a, c show that at K34 this was mainly
due to an improved simulation of the energy par-
tition in dry months, during which time soil
moisture stress was simulated at both sites (Fig.
6), even though during the K34 study period
there was above average rainfall. At C14 the
reduced dry month gc required to gain this
improvement degraded the model relative to
observations (Fig. 4a), and the model was still
unable to simulate midday gc values of
30 mm s�1 in wet months.

Mean NEE was �98.1 kgC ha�1 day�1 at C14
and �117 kgC ha�1 day�1 at K34, which at both
sites corresponded to a decrease in the rate of net
carbon uptake relative to the STOM simulations.
Only at C14 did this also mean modelled NEE
worsened relative to the observed value, and this
was due to a combination of low canopy conduc-
tance through the whole simulation and a period
of soil moisture stress between December and
February. Unlike during October 1995, the model
was able to maintain latent heat flux through this
period of soil moisture stress by wet-canopy
evaporation.

5. Discussion

The results presented here show that there is
potential for improving GCM land-surface model
simulation of surface fluxes over Amazonian
rainforest. When a closed carbon cycle has been
included in climate models it has shown that per-
turbations to the carbon cycle could have a sig-
nificant impact on climate through this next
century, with particular implications in Amazo-
nia (Cox et al., 2000, 2004). Furthermore, much
of the regional climate change over Amazonia
can be attributed to the response of the modelled
land-surface (Betts et al., 2004). It is, therefore,
important that attention is given to the simulation
of CO2 flux as well as heat and moisture fluxes.

Historically, emphasis has been placed on
improving the simulation of heat and moisture
fluxes due to their importance in the hydrological
cycle simulated by climate and operational fore-
cast models. So it is unsurprising that uncali-
brated MOSES simulated these fluxes more
successfully than CO2 flux. The fact that calibrat-
ing MOSES against C14 NEE and latent heat

Table 4. Soil parameters used in MOSES runs. Default refers to the parameters used in HadCM3 for the grid box containing the
field sites studied herein. In this case the parameters do not vary with depth. The depths correspond to a depth dependent set of
parameters calculated using the equivalence relation of Lenard et al. (1989) to convert van Genuchten parameters from a nearby
site. A residual moisture content of 0.3 m3 m�3 was assumed at each depth

b cs �s �c �w Cdry

(m) (m3 m�3) (m3 m�3) (m3 m�3) (M J K�1 m�3)

Default 6.60 �0.049 0.458 0.242 0.136 1.19
5 cm 2.60 �0.105 0.210 0.055 0.013 2.30
22.5 cm 2.40 �0.093 0.130 0.029 0.006 2.62
67.5 cm 2.85 �0.030 0.130 0.025 0.007 2.69
200 cm 1.50 �0.370 0.100 0.023 0.002 3.12

Table 5. Caption as per Table 4. Thermal and hydraulic
conductances in MOSES are defined at the boundaries of soil
levels rather than the mid-point

ks �dry

(mm h�1) (W m�1 K�1)

Default 16.92 0.230
0 cm 399.6 0.446
10 cm 421.2 0.536
35 cm 590.4 0.564
100 cm 568.8 0.655
300 cm 5.004 0.689
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fluxes improved the mean daytime carbon uptake
but degraded the mean evaporation highlights the
problem of calibrating SVATs against multi-
ple simultaneous observations. Bastidas et al.
(1999) demonstrate that parameter sets that are
optimal for the simulation of one variable may
not be optimal for simulating a second, due to
model imperfections. This is especially the case
when the observations are not physically con-
strained by a joint conservation law (e.g. for
mass or energy), where improving the simulation
of one would necessarily improve the simulation
of the other. While the simulated mean evapora-
tion at C14 agreed with observations, this
masked a tendency to overpredict in the morning
between 0600 and 1000 hours, and underpredict
through the afternoon due to an incorrect stoma-
tal response. Calibration greatly reduced the
tendency for afternoon stomatal closure, thus
improving the diurnal cycle of both �E and NEE.

As with many eddy-covariance data from for-
est sites, energy closure at K34 was poor, so care
must be taken when comparing modelled and
observed fluxes of latent and sensible heat for
this site. The fact that the Bowen ratio is often
preserved when data are reanalysed using a
method such as Malhi et al. (2002) to improve
closure makes it a useful diagnostic for compar-
ing models against datasets with imperfect clo-
sure. Calibration of the stomatal response along
with revised soil parameters improved the mod-
elled Bowen ratios at both sites, but soil moisture
stress was required to simulate the observed
Bowen ratio at K34 even though there was above
average rainfall. This reflects the modelling study
of Williams et al. (1998), who found that without
soil moisture constraints they were unable to
simulate dry season carbon dioxide and water
vapour fluxes over Amazonian rainforest. von
Randow et al. (2004) observed that Bowen ratios
calculated using eddy-covariance observations of
�E are often greater than those where �E is cal-
culated from the residual of energy balance.
Observed Bowen ratios calculated using the resid-
ual of energy balance at C14 and K34 were 0.41
and 0.20 respectively. These values were lower
than when eddy-covariance values of �E were
used, but the reduction was not sufficient for
the STOM simulation to agree more closely than
the SOIL simulation with these observations.
So the simulation of soil moisture stress at these

sites could not be explained by this uncertainty in
the observed Bowen ratio.

Figure 7 shows the response of canopy level
NEE in MOSES to surface meteorology with
default and calibrated stomatal parameters. Soil
respiration was calculated using a soil carbon
content of 6.24 kg m�2, a soil temperature equal
to the air temperature (26 �C in Fig. 7a–c and
as per temperature axis in Fig. 7d) and no soil
moisture stress. The difference between the
STOM and SOIL calibrated parameters was rela-
tively small, so the following points for the
STOM parameters also apply to the SOIL param-
eters. Generally, the effect of the parameter
changes was to decrease NEE in all meteoro-
logical conditions. The sensitivity of NEE to
changes in air pressure (Fig. 7a) and humidity
deficit (Fig. 7b) remained roughly the same after
calibration. The shift in the humidity deficit
curve meant that it had to reach a much higher
level before NEE would reach zero, and so the
modelled vegetation would have less of a
tendency to conserve water during periods of
high atmospheric demand. However, typical air
humidity deficits in the forest range from 0 to
17 g kg�1, so those extreme situations are not
met in practice. The response to temperature is
constrained in the model such that stomatal con-
ductance is zero below 0 �C and above 36 �C.
Upon calibration, the greatest decrease in NEE
occurred for temperatures near the optimum
value, while the optimal temperature itself
decreased slightly from 27.1 �C to 25.4 �C, mak-
ing the NEE response more symmetrical about
the midpoint of 26 �C. This optimum was
roughly equal to the mean air temperature for
these forest sites, which agrees with the idea that
the optimal temperature is close to the mean
annual growing season temperature (Sellers
et al., 1997).

There was a noticeable difference in the cali-
brated response to solar radiation (Fig. 7c). With
default MOSES, canopy-level photosynthesis
saturated for incident solar radiation greater than
about 200 W m�2. However, in the calibrated
model, NEE increased more gradually with
radiation and did not begin to saturate until
approximately 400 W m�2. Other things being
equal, this had the effect of increasing midday
NEE and reducing NEE at the beginning and
end of the day and through the night. Observa-
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tions from C14 (shown by means over 50 W m�2

bins in Fig. 7c) reflect this lack of saturation
in NEE at low solar insolation. Minimum
observed NEE tends to a value approximately
2� 10�7 kgC m�2 s�1 lower than the model value
due to limitation by environmental factors other
than solar radiation. von Randow et al. (2004)
show a similar saturation response to solar radia-
tion with NEE reaching �3� 10�7 kgC m�2 s�1

above 430 W m�2 (assuming that PAR is a factor
0.5 of incident solar radiation). Furthermore, von
Randow et al. place the point of zero NEE at
about 100 W m�2, which agrees well with C14
data and the modelled value of 60 W m�2.

The effect on NEE of the calibration can be
broken down by individual parameters. The
change in � from 0.080 to 0.057 mol(CO2)
mol(PAR)�1 upon calibration brought it in
closer agreement with observed values of
0.051 mol(CO2) mol(PAR)�1 (Fan et al., 1990)
and 0.048 mol(CO2) mol(PAR)�1 Malhi et al.
(1998), but led to negligible changes in NEE.
The value of Dc was doubled, which had the
effect of increasing the humidity deficit at

which NEE falls to zero, while leaving NEE
at zero humidity deficit unchanged. The change
in f0 had the opposite effect of the Dc change in
that it decreased NEE at zero humidity deficit
and left the point at which NEE becomes zero
unchanged. The combined effect of these two
parameters alone was to make NEE less sensi-
tive to changes in humidity deficit. However,
the combined effect of calibrating f0, Dc and
Nl0 (neglecting �) was to maintain the same
response to changes in humidity deficit, while
increasing NEE through the response to tem-
perature and solar radiation. The reduction in
modelled canopy conductance around midday
seen in Fig. 4 for the default model coincides
with the diurnal cycle of humidity deficit which
has a maximum around 1400 h. It is likely that
this was the result of the humidity deficit
response dominating in the presence of a satu-
rated solar response. But the calibration sug-
gests that the default humidity response was
correct.

The optimised values of leaf nitrogen, Nl0,
corresponded in MOSES to increases in the

Fig. 7. Typical responses of canopy
level NPP in MOSES to (a) air pres-
sure, (b) humidity deficit, (c) incident
solar radiation, and (d) air tempera-
ture before and after calibration. When
one quantity was varied the others were
set to constants: p� ¼ 1000 hPa, D¼
0.01 g kg�1, S¼ 800 W m�2, T¼
26 �C
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maximum rate of carboxylation of rubisco, Vmax,
from 32 to 139 mmol CO2 m�2 s�1 (STOM) and
166 mmol CO2 m�2 s�1 (SOIL). These values
were higher than other optimised model values
of Vmax of 81.8 mmol CO2 m�2 s�1 (da Rocha
et al., 1996) and 79.4 mmol CO2 m�2 s�1 (Sen
et al., 2000) reported for rainforest at Reserva
Jaru, and as such are probably unrealistically
high. The large change in Nl0 required to simu-
late the observed light response for this forest
suggests an alternative model parameterisation
may be necessary for MOSES to be consistent
with both the observed light response and Nl0.

It is possible that, through the response to solar
radiation, the increase in Nl0 is compensating for
the effect of self-shading or a canopy nitrogen pro-
file that is not proportional to PAR (Friend, 2001).
The big-leaf scaling from leaf-level to canopy-
level photosynthesis assumes that the response of
the whole canopy to light is the same as for leaves
at the top of the canopy. However, for vegetation
with a high LAI, leaves lower in the canopy are
shaded and so receive diffuse rather than direct
radiation. Leaves at different heights in the can-
opy are on different portions of the light response
curve, which Friend demonstrates lead to 20–30%
greater daytime canopy NPP with no change in
night-time NPP. This contrasts with the response
in this study from increasing Nl0, which increased
daytime NPP and decreased night-time NPP
(through increased autotrophic respiration).

It is unlikely that including soil respiration in
the optimisation (through soil carbon content, Cs,
in Table 1) would have produced a more satisfac-
tory calibration. A lower value of Cs would have
decreased daytime soil respiration and NEE, and
allowed a lower calibrated value of Vmax in order
to simulate the observed daytime carbon uptake.
However, mean modelled soil respiration at
0.30� 10�7 kgC m�2 s�1 was already lower than
an observed value of 0.78� 10�7 kgC m�2 s�1

for forest in this area (Ara�uujo et al., 2002). So
modelled soil respiration may have been de-
graded to simulate the available observations
of NEE. This reflects a more general requirement
for concurrent observations of NEE, soil respira-
tion and within-canopy CO2 storage in order to
more rigorously validate models.

When the revised soil parameters were used
total soil moisture content at C14 was higher than
with the default soil parameters, even though the

plant available water content was reduced from
966 mm to 327 mm. This was due to a combina-
tion of reduced transpiration through soil moisture
stress and an increase in field capacity from
814 mm to 976 mm. Substantial soil moisture
stresses were simulated for both sites when the
revised parameters were used even though rainfall
was average at C14 and above average at K34. To
some extent, rainfall in the preceding year is more
important because it defines how much soil mois-
ture recharge is needed from rainfall in the study
year. At a rainforest site near Marabá in Pará,
Hodnett et al. (1996a) observed that the soil pro-
file did not always wet-up to the same level
through each wet season, and this led to lower
evaporation rates in the succeeding dry season.
Simulations were initialised with saturated soils
but soil moisture fell rapidly to near field capacity
in all runs. The observed soil moisture contents of
about 1100–1200 mm could not have been simu-
lated because this was greater than the modelled
field capacity. It is likely that because of root
depth and usage the forest responds in a more
comlplex way than is currently represented by
the model. Desborough (1997) and Zeng et al.
(1998) demonstrate that vertical root distribution
in a SVAT has a significant impact on modelled
transpiration. Greater consideration of this feature
may be required to accurately simulate the forest
response to soil moisture status.

Observed annual NEE is estimated to be
�5.9 t C ha�1 yr�1 at C14 (Malhi et al., 1998)
and �7.7� 0.25 t C ha�1 yr�1 at K34 (Ara�uujo
et al., 2002). The C14 value was calculated from
CO2 flux data prior to reanalysis for low-fre-
quency transport. However, Malhi et al. (2002)
found that the reanalysis increased the magnitude
of both day and night-time fluxes, which led to
a negligible change in the net carbon balance.
Estimates of annual NEE from previous studies
were more conservative with �2.2 t C ha�1 yr�1

at Reserva Ducke, Manaus (Fan et al., 1990) and
�1.0 t C ha�1 yr�1 at Reserva Jaru, Rondôonia
(Grace et al., 1995). These estimates were based
on short datasets of 12 and 55 days respectively,
whereas the C14 and K34 estimates were based on
much longer periods of 243 and 365 days respec-
tively. Before calibration, annual NEE modelled
by MOSES was þ0.20 t C ha�1 yr�1 at C14 and
þ0.24 t C ha�1 yr�1 at K34, closer to equilib-
rium than observations suggest. It is likely that
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observations at most tropical forest sites are over-
estimating net carbon uptake due to problems with
the eddy-covariance technique in stable conditions
and horizontal transport of CO2 within the canopy
airspace (Malhi et al., 2002). MOSES-modelled
values after calibration were �0.76 t C ha�1 yr�1

and þ1.8 t C ha�1 yr�1 for the C14 and K34 sites
respectively. Although daytime carbon uptake
increased upon calibration, plant respiration also
increased, leading to greater night-time fluxes from
land to atmosphere. The net effect was to keep the
overall modelled carbon balance relatively close to
equilibrium.

The observed rate of CO2 uptake at C14 was
persistently greater than at K34 due to physical
differences between the sites. It is unsurprising that
this difference was not captured by MOSES
because a similar site description (root depth, soil
parameters, vegetation height, etc.) was used for
both sites. However, errors in the uncalibrated
model diurnal cycle of NEE were sufficient that
the calibration against C14 flux data greatly
improved the simulation of CO2 fluxes at both sites.

Botta et al. (2002), using a terrestrial ecosys-
tem model, found that the carbon balance of
Amazonia between 1935 and 1995 varied with
time-scales of 3–4, 8–9 and 24–28 years in
response to climate variability. This resulted in
the modelled Amazonian carbon balance going
through a sequence of neutral, net source, net
sink, neutral through the last century. As a result,
they advise caution when inferring long-term
estimates of Amazonian carbon balance from
relatively short-term observation periods. How-
ever, this does not detract from the use of these
data for assessing process-based models, as in
this study. Indeed, the ability to simulate avail-
able observations is an important validation of
such land-surface and ecosystem models, as data
are not available to corroborate the results from
longer simulations.

6. Conclusions

This study has shown that the land-surface model
MOSES is able to simulate the observed fluxes of
heat, moisture and carbon for two central Ama-
zonian forest sites with reasonable accuracy. Per-
sistent stomatal closure between 1000 and 1500
hours led to underprediction of the maximum
daytime carbon uptake and a high Bowen ratio.

These problems were remedied through cali-
bration of four parameters in the conductance-
photosynthesis sub-model, including leaf nitrogen
content. It was found that errors in the diurnal
cycles of carbon and water vapour flux were due
to saturation of the response to solar radiation at
low light levels. An increased rate of daytime
photosynthesis was achieved at the expense of
degrading modelled long-term moisture and heat
fluxes. There was little change to the modelled net
carbon balance upon calibration due to an increase
in night-time respiration as well as daytime photo-
synthesis due to greater leaf nitrogen content. The
parameters calibrated at C14 were applied with
success at K34, which suggests that they are not
overly site specific. This is important if the
response of a land-surface model, calibrated
against relatively few sites, is to be generalised
for use in GCMs.

Seasonality in the observed fluxes due to soil
moisture change was not simulated well by
MOSES. Applying more realistic soil parameters
reduced the amount of moisture available for
transpiration and led to a reduction in canopy
conductance due to water stress at the end of
the dry season. However, water stress simulated
at K34 during a period of plentiful rainfall, and
during the wet season at C14, indicated that con-
sideration of the below-ground hydrology is
needed beyond soil hydraulic parameters. For
example, properties of the forest such as root
depth and root usage.

Confidence in GCM simulations of future cli-
mate, where Amazonia is predicted to become
drier, is dependent on the accuracy of the land-
surface models response to low soil moisture.
Existing datasets of carbon and water fluxes for
Amazonian rainforest probably do not cover a
sufficient range of soil moisture conditions to
allow this response to be established confidently.
Data are needed spanning longer periods and ide-
ally through El Ni~nno cycles, which is the princi-
pal mode of interannual rainfall variability in this
region.
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