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Abstract We apply a diagnostic based on moisture con-

servation in the atmosphere, integrated over planetary-scale

ocean basins and drainage areas to evaluate freshwater

fluxes over the ocean surface to three generations of the

Hadley Centre climate model (HadCM3, HadGEM1 and

HadGEM2-AO). The coherent inclusion of runoff by the

diagnostic enables model surface freshwater fluxes to be

compared directly with observational estimates of precip-

itation, evaporation and river discharge. We also introduce

a normalised metric, based on model-observation RMS

differences, to assess the representation of the fluxes by the

model. This methodology could be a powerful tool for

evaluating model performance during future model devel-

opment and model intercomparison exercises. Using this

diagnostic, and defining the drainage areas from the global

river routing model TRIP, we obtain large-scale surface

oceanic fluxes from ERA40 and NCAR-NCEP reanalysis

data, which we compare with analogous budgets computed

from a set of individual observational estimates of evapo-

ration, precipitation and river discharge. The sum of errors

in the Hadley Centre climate model in all ocean basins

suggests a steady improvement over the three generations

of the model. However, an analysis of sources and sinks of

water vapour shows common errors in the models, like an

excess of evaporation in the tropical-subtropical Atlantic,

and a surplus of water vapour export from tropical-

subtropical areas to the mid-latitude regions, making the

oceanic surface fluxes too fresh at mid latitudes. Errors in

the models are consistent with an excessively strong

hydrological cycle.

Keywords Large-scale ocean-atmosphere interactions �
Global hydrological cycle � Climate model evaluation

1 Introduction

Knowledge of the hydrological cycle is essential for an

understanding of the climate system of our planet. Water

influences the climate through various processes in all

components of the system and couplings between them

(Chahine 1992; Oki 1999; Trenberth et al. 2007). In the

atmosphere, water vapour absorbs both shortwave and

longwave radiation. It also contributes to the heat budget in

the form of transport of latent heat. The release of latent

heat by condensation heats up the atmosphere and affects

its general circulation.

On the other hand, the density structure of the ocean is

strongly influenced by the salinity distribution, especially in

cold regions. The transport of freshwater in the sea and the

transport of water vapour in the atmosphere are coupled and

constitute a significant feedback on climate. The oceanic

thermohaline circulation (THC) is one of the major mech-

anisms in the climate system. Studies suggest that the

strength of the overturning of this circulation may be related

to density gradients in the Atlantic Ocean (Park 1999;

Thorpe et al. 2001). Salinity distributions in the Atlantic

Ocean are caused in part by the imbalance of evaporation,

precipitation and river runoff and could be strongly affected

by the transport of atmospheric freshwater.

Global warming is likely to intensify the global hydro-

logical cycle and bring changes to the water vapour

transport, changing the magnitude and spatial distribution
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of freshwater fluxes between atmosphere, land and sea-ice

onto the ocean (Bosilovich et al. 2005; Held and Soden

2006). This, in turn, will modify the salinity distribution at

the surface of the ocean and could potentially alter the

ocean circulation through effects on its density. An

appropriate representation of these fluxes by GCMs is

essential to make confident projections of future charac-

teristics of the THC, in particular its stability, under global

warming conditions. It is therefore very important to

investigate the skill of climate models to simulate large-

scale water vapour transports and their mechanisms.

Any attempt to validate model simulations of large-scale

aspects of the hydrological cycle is hindered by the lack of

availability of relevant observations at those scales, in

particular over the oceans. Furthermore, dissimilar clima-

tologies of individual components of the hydrological cycle

often have to be used in the assessment process. Certain

combinations may exhibit considerable imbalances and

large uncertainties. For instance, Edwards (2007) has

evaluated the consistency with which the hydrological and

energy cycles are represented by conventional climatolo-

gies. Using various combinations of observational esti-

mates and reanalyses he has found that the imbalances in

the hydrological cycle over the ocean represented by those

estimates span a range of ±0.45 mm/day in the mean,

while rms errors lie between 0.87 and 1.74 mm/day.

Surface fluxes, in general, have to be estimated by indi-

rect methods. One common approach is to apply the con-

servation equation of quantities like moisture, energy and

momentum, and infer the fluxes as a residual, after com-

puting the other variables in the budget equation (Trenberth

1997). Surface freshwater fluxes may be obtained this way

from moisture balance in the atmosphere. The accuracy of

the estimation of fluxes will depend critically on the quality

of the atmospheric data. When considering fluxes at a global

scale, a preferred option is to use global reanalyses.

In this paper we assess the simulations of large-scale

atmospheric freshwater transports in three generations of

the Hadley Centre climate model. We apply a diagnostic,

derived from moisture conservation in the atmosphere, in

combination with river basins defined in the global river

channel network TRIP (Oki and Sud 1998), to evaluate the

modelled surface freshwater fluxes over the ocean basins.

We use data from ERA40 (Uppala et al. 2005) and NCAR-

NCEP (Kalnay et al. 1996) to validate the models. The

remainder of this paper is divided up into the following

sections. In Sect. 2 we present a short review of water

balance in the atmosphere and a derivation of the diag-

nostic. A metric to evaluate model performance against

observations is introduced in this section. In Sect. 3 the

models used are described. Results from models and rea-

nalyses are presented in Sect. 4. We also compare in this

section the surface fluxes obtained using our diagnostic and

reanalysis data with budgets derived from separate obser-

vational estimates of evaporation, precipitation and river

runoff. Section 5 provides summary and conclusions.

2 Methodology

2.1 Water balance in the atmosphere

Water conservation in the climate system has been treated

in various places, e.g., Peixoto and Oort (1992), Chen et al.

(1994), Dodd and James (1996), Oki (1999). Our discus-

sion in this section follows Chen et al. (1994). To a good

approximation, water is conserved in the atmosphere, i.e.,

neglecting water loss through photo dissociation by solar

radiation, and if fluxes at the surface are taken into account.

This conservation is usually represented with an equation

that involves vertically-integrated quantities:

oWt

ot
þrH �Qt ¼ E � P; ð1Þ

where Wt and Qt are respectively the total amount of water

(vapour and condensed) and the total horizontal water flux

in a unit area column:

Wt ¼ W þWc ¼
Z1

z0

qqdzþ
Z1

z0

qqcdz ð2Þ

Qt ¼ QþQc ¼
Z1

z0

qqvdzþ
Z1

z0

qqcvdz ð3Þ

qq and qqc in the above expressions are respectively the

mass of water vapour and condensed water (liquid and

solid) per unit volume of the atmosphere. rH� is the hor-

izontal divergence operator and E and P denote, respec-

tively, evaporation and precipitation at the earth’s surface.

The contribution from condensates to the water budget,

although on occasions locally significant, is in general

considerably smaller than that from water vapour on the

global scale and can be neglected. Thus, water balance in

the atmosphere can be approximated by conservation of

water vapour:

oW

ot
þrH �Q ¼ E � P; ð4Þ

Excess of evaporation over precipitation is balanced by the

local rate of change of water vapour storage and the loss

through horizontal advection.

Further approximations can be made after time averag-

ing the above equation. Changes in local precipitable water

are very small on annual time scales compared to

E - P fluxes. After averaging the balance equation over

periods of this length it simplifies to:
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rH �Q ¼ E � P; ð5Þ

where the bars denote averaging in time. Water conserva-

tion in the above form has been used to estimate surface

fluxes like evaporation and precipitation as residuals from

atmospheric water vapour convergence.

2.2 Connection with the terrestrial and oceanic

branches

Water balance at the land surface can be expressed as

oWl

ot
þrH � Fl ¼ P� E; ð6Þ

where Wl represents the water storage and rH � Fl is the

horizontal water flux, including surface runoff and ground

water movement. Generally, estimating the ground water

movement is not easy. Its contribution in a large scale is

presumed to be relatively small (Oki 1999).

Water conservation in the ocean is described by the

equation

oWo

ot
þrH � Fo ¼ P� E; ð7Þ

where Wo and rH � Fo represent the freshwater storage and

total horizontal freshwater flux, respectively. On land,

changes in the water storage are generally small to be

neglected in annual or longer averages. In the ocean, on the

other hand, the freshwater storage may change at rates

comparable with P - E over long time scales (Pardaens

et al. 2003). When time averaging is done over timescales

on which that term can be neglected, the conservation

equations for the land surface and oceanic branches have an

analogous form to the atmospheric water conservation (5):

rH � Fl ¼ P� E; ð8Þ

rH � Fo ¼ P� E; ð9Þ

The term E � P is common to all the balance equations

above and connects the atmospheric, terrestrial and oceanic

branches of the hydrological cycle.

To study regional budgets, it is convenient to integrate the

conservation equations over the region of interest. We are

interested in calculating the surface moisture fluxes that go

into an ocean basin. The appropriate domain of integration in

this case is the surface of the ocean basin and its adjacent land

drainage area. We will denote them by A and C, respectively.

Integrating Eq. (5) over A and (8) over C leads to:I

oA

Q � n̂dr ¼
Z

A

E � P
� �

dA; ð10Þ

I

oC

Fl � n̂dr ¼
Z

C

P� E
� �

dA; ð11Þ

where n̂ is the outward unit vector normal to the domain

boundary, and the left hand side of Eq. (11) is the net river

discharge into the ocean basin, hRiA: Thus, the atmospheric

and land freshwater fluxes going into an ocean basin can be

obtained by computing the net water vapour flux across the

boundary of the region defined by its surface and adjacent

drainage area:I
oA[C

Q � n̂dr ¼
Z

A[C

E � P
� �

dA

¼
Z

A

E � P
� �

dA�
I

oC

Fl � n̂dr

� hEiA � hPiA � hRiA ð12Þ

Brackets indicate integration over the ocean surface A. An

important element to consider when applying this method

to calculate the surface fluxes is the definition of the

drainage areas at planetary scales. Global river routing

models may be used for this purpose. They are digital

global river channel networks that calculate the discharge

at each grid point. The river pathways are usually produced

from digital elevation maps (DEMs) by a combination of

automation and manual alteration.

To examine the global representation of water vapour

fluxes by the climate models, we divided the globe into

large-scale ocean basins and drainage areas, and compute

the water vapour fluxes,
R

l Q � n̂dr, across every dividing

segment between areas, as shown in Fig. 1. The drainage

basins have been derived from the global river channel

network defined in TRIP, the river routing model devel-

oped by Oki and Sud (1998). TRIP defines the actual river

catchment areas in two of the models analysed, HadGEM1

and HadGEM2-AO. There is no unique way to construct

the ocean drainage areas. There are locations on the land

surface where the runoff does not go to the sea. The net

water vapour flux across such regions is nil. Thus, we have

the freedom to incorporate these inland-basin regions to

any ocean drainage area without affecting the diagnosed

freshwater flux into the corresponding ocean basin.

Figure 1 shows the choices we have made. Quantities from

the climate models and validating reanalyses have been

interpolated to TRIP’s 1� 9 1� grid. All calculations have

been made in that grid. The vertically integrated moisture

flux Q is taken directly as a reanalysis product and as a

diagnostic from GCMs. In the GCMs it has been calculated

from values at model time-steps and then averaged to

obtain the climatological values. In ERA40 the vertical

integrals have been calculated from instantaneous model-

level data at 6-hourly resolution and then averaged into

monthly means. In NCEP/NCAR, monthly means of the

integrand have been produced from instantaneous 6-hourly

data before the vertical sum is performed. Fluxes estimated
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with the diagnostic presented here are implied fluxes. That

is, they represent what is required to balance the surface

exchange of water. GCMs and observations, on the other

hand, may suffer from imbalances and biases, introducing

errors in the estimations. In the case of the reanalyses, the

sampling used to calculate the means and the data assim-

ilation process, where the model atmosphere is adjusted to

fit observations, produce data that is not necessarily in

balance.

2.3 A metric to evaluate GCMs

In this study we use a metric to evaluate the model surface

freshwater fluxes against reanalysis data and to quantify

improvements in the representation of these fluxes over the

different configurations of the model.

For each large-scale ocean basin we estimate the model

and observation surface fluxes. We denote them by fM and

fO respectively. We define EM as the temporal RMS dif-

ference in surface fluxes between model and observational

estimates:

EM ¼
1

N

XN

t¼1

ðfM � fOÞ2t

" #1
2

ð13Þ

The results are normalised by a similar RMS difference

from a reference model and we define a metric

SM ¼
EM

ER
ð14Þ

If 0 \ SM \ 1, the model we are evaluating performs better

than the reference model against the selected observations.

If SM ^1, the model performs similarly to the reference

model, and if SM�1, the model performance is poorer than

the reference model. The observational uncertainty can

also be partly taken into account by using a second set of

observations and calculating the RMS difference between

observational fluxes:

U ¼ 1

N

XN

t¼1

ðfO1
� fO2

Þ2t

" #1
2

ð15Þ

The uncertainty estimate is also normalised by the

reference model:

SU ¼
U

ER
ð16Þ

If SM \ SU, the model performance is within the observa-

tional uncertainty. In this study we use ERA40 and NCAR-

NCEP as the first and second sets of observational estimates.

Series of 21 annual means have been used to calculate the

RMS differences. The reanalysis data used corresponds to

the 1979–2000 period.

3 Model descriptions

The models used in this study are the Hadley Centre cli-

mate models HadCM3, HadGEM1 and HadGEM2-AO, run

with fixed 1860 forcings of greenhouse gases, ozone, sul-

phur and other aerosol emissions. Control runs of this type

are used in the climate model community to study climate

processes, for model evaluation and in detection and

attribution analysis. Differences in water vapour transport

Fig. 1 Global distribution of water vapour fluxes (Sv). ERA 40

reanalysis. The flux shown next to an arrow has been integrated

between the blue dots on a bounding segment. The sum of incoming

fluxes across the boundary of each defined region is shown in blue. In

a climatological state they are equal to P - E ? R on the

corresponding ocean basin
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from these pre-industrial runs and twentieth-century sim-

ulations are small relative to observational uncertainties,

making valid comparisons between these models and

present-day observations possible.

3.1 HadCM3

HadCM3 is the Hadley Centre global coupled climate

model. The atmosphere component has a resolution of

3.75� longitude by 2.5� latitude with 19 vertical levels. The

ocean component has a resolution of 1.25� 9 1.25� lon-

gitude by latitude with 20 vertical levels, and it is based on

the Bryan-Cox model (Bryan 1969; Cox 1984). HadCM3

has a sea ice component with thermodynamics based on the

zero-layer model of Semtner (1976) and includes simple

parameterizations of ice drift and leads. A detailed

description of the different components of HadCM3 and

their physical schemes can be found in Gordon et al.

(2000) and Pope et al. (2000).

3.2 HadGEM1

HadGEM1 is the Hadley Centre Global Environmental

Model version 1 (Johns et al. 2006). The model has a non

hydrostatic atmospheric dynamical core that uses a semi-

implicit, semi-Lagrangian time integration scheme. The

standard atmospheric component uses a horizontal resolu-

tion of 1.25� 9 1.875� longitude by latitude, with 38 layers

in the vertical extending to 39 km in height. A river routing

model, TRIP (Oki and Sud 1998), has been introduced,

which includes river transport dynamics, determined by

fluxes of surface and subsurface runoff. For a detailed

description of the atmospheric component of the model and

its performance see Martin et al. (2006) and Ringer et al.

(2006).

The oceanic component of HadGEM1 has a variable

horizontal resolution: a fixed zonal resolution of 1� and

meridional resolution of 1� between the poles and 30�
latitude from which it increases smoothly to 1

3

�
at the

Equator. The model has 40 levels in the vertical, spaced

irregularly with a thickness of 10 m near the surface. The

evolution of sea ice thickness is determined by thermody-

namic growth/melt, advection and redistribution by ridg-

ing. HadGEM1 uses the Los Alamos National Laboratory

sea ice (CICE) model ice ridging scheme (Hunke and

Lipscomb 2004).

3.3 HadGEM2-AO

HadGEM2-AO (Collins et al. 2008) uses the same

dynamical core as HadGEM1 and is run at the same hor-

izontal and vertical resolutions in both the atmosphere and

ocean. The main changes in the model are associated with

physical processes. In the atmosphere, an adaptive

detrainment parameterization in the convection scheme has

been implemented, which has improved the simulation of

tropical convection. The treatment of excess water from

super-saturated soil surfaces has been changed, a back-

ground climatology of biogenic aerosols has been included,

and improvements in the representation of the lifetime of

convective clouds have been implemented, all of which

have led to reductions in a land surface warm bias over

northern continents. In the ocean, the background ocean

diffusivity profile in the thermocline has been changed,

which has substantially reduced an SST bias in the tropics.

4 Results

4.1 Results from ERA40 and NCAR-NCEP

In this subsection we show the use of the diagnostic

described in Sect. 2 to estimate the freshwater fluxes from

the atmosphere and land surface over large-scale ocean

basins. We first apply the diagnostic to ERA40 and NCAR-

NCEP data and then compare the surface fluxes obtained

this way with various combinations of independent obser-

vational estimates of evaporation, precipitation and river

discharge.

Figures 1 and 2 show the global distribution of water

vapour fluxes diagnosed from ERA40 and NCAR-NCEP

data, respectively. The main features of these transports are

shared by both climatologies. To a large extent the flow of

water vapour portrays the general circulation in the lower

troposphere: easterlies in the tropical belt, westerlies in

mid-latitudes and the meridional flux is predominantly

poleward throughout the year. In particular, in the tropical-

subtropical Atlantic region freshwater is imported across

Africa and exported to the Pacific across Central America.

Westerly flow brings input of vapour to the North Atlantic

basin across the American boundary, and freshwater is lost

across the African and European continents.

In a climatological state the sum of water vapour fluxes

across the boundaries of each region defined in Figs. 1

and 2 is equivalent to the surface freshwater fluxes on the

corresponding ocean basin. These fluxes have been sum-

marised in Table 1, where a series of 21 consecutive years

have been used to produce mean values and standard

deviations. There’s a good amount of overlap between the

estimates in both climatologies for most of the ocean

basins. The exceptions are the Arctic region, where NCAR-

NCEP data show a larger excess in precipitation than

ERA40 data, and the North Pacific basin, where the forc-

ings are fresher in ERA40 than in NCAR-NCEP.

In order to validate these estimates, we have compared

them against combinations of individual P, E and R
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estimates. We will briefly describe the climatologies

employed for such a comparison. A detailed analysis of

biases and errors in latent heat and precipitation observa-

tions can be found in Edwards (2007).

For evaporation, data from latent heat climatologies

NOC1.1a (Grist and Josey 2003), GSSTF2.0 (Chou et al.

2003, 2004) and da Silva (da Silva et al. 1994) were used and

converted using a constant coefficient. NOC1.1a is based on

observations taken from ships. It is derived from NOC1.1

climatology (Josey et al. 1999) by applying constraints

derived from estimates of oceanic heat transport. GSSTF2.0

is a satellite-based climatology, with data obtained from the

Special Sensor Microwave Imager (SSMI). It uses bulk flux

formulae to obtain surface fluxes. The da Silva climatology

is derived from surface marine data. The climatological

fields are produced using data from COADS.

For precipitation we have used CMAP (Xie and Arkin

1997) and GPCP2 (Adler et al. 2003). Both climatologies

are derived by combining data from rain gauges and

satellites. The main differences between them are found

over the oceans (Edwards 2007).

The climatologies used to estimate the river discharges

are GRDC (Global Runoff Data Centre 2009), Baumgart-

ner and Reichel (1975) and Dai and Trenberth (2002). The

runoff into the ocean is derived from discharge stations and

estimations of runoff on areas not captured by the stations.

Figure 3 shows the surface fluxes, P - E ? R, for

combinations of the different climatologies. The choices of

river discharges are indicated by the symbols. The choices

of evaporation, by the symbol colors, and the choices of

precipitation, by the sizes of symbols. For comparison, we

include the values of budgets obtained with our conserva-

tive diagnostic using reanalysis data.

The first thing to notice is the large spread in the values

of surface fluxes from the hybrid climatologies. In general,

the main differences in the freshwater budgets are given by

differences in evaporation and precipitation data. By

comparison, the spread of the surface fluxes obtained with

our diagnostic is much smaller. Their values comfortably

fall within the inter-climatology spread. There are large

imbalances of freshwater when combinations of disparate

climatologies are used. This is represented in the figure by

non vanishing values in the global budget. Those imbal-

ances vary from -1.8 Sv to 1.0 Sv. The figure shows that

the data split into two cases of imbalance. Combinations

using da Silva climatology for evaporation, (black symbols

in Fig. 3), have a positive (precipitative) imbalance, the

rest a negative (evaporative) imbalance. The global budget

estimated with our diagnostic, on the other hand, is zero by

construction.

Edwards has found that combinations of climatologies

show the largest inconsistencies in the tropical regions

Fig. 2 Same as in Fig. 1. NCAR-NCEP reanalysis

Table 1 Diagnosed surface freshwater fluxes, P - E ? R from

ERA40 and NCAR-NCEP reanalyses (Sv)

Ocean basin ERA40 NCAR-NCEP

Arctic 0.21 ± 0.01 0.24 ± 0.01

North Atlantic 0.05 ± 0.03 0.00 ± 0.03

Trop./Subtrop. Atlantic -0.44 ± 0.08 -0.44 ± 0.05

Mediterranean Sea -0.05 ± 0.03 -0.05 ± 0.01

North Pacific 0.24 ± 0.03 0.13 ± 0.03

Trop./Subtrop. Pacific -0.38 ± 0.08 -0.30 ± 0.08

Indian Ocean -0.41 ± 0.06 -0.42 ± 0.04

Southern Ocean 0.78 ± 0.04 0.84 ± 0.05

The table shows 1979–2000 averages and 2-r uncertainties
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(Edwards 2007). This is also manifested in the surface

fluxes over the oceans that we are analyzing here. In the

evaporative regions of the Indian Ocean and tropical-sub-

tropical Pacific the da Silva and CMAP combination,

(small, black symbols in Fig. 3), gives estimates with an

excess of precipitation. This is most likely the effect of the

lower values of evaporation that the da Silva climatology

shows in the tropical belt. Budgets in the tropical-sub-

tropical Atlantic, on the other hand, show an excess of

evaporation for all combinations.

At midlatitudes the spread of estimates using our diag-

nostic is more comparable with the narrower spread of

values from observational estimates. This agrees with

Edwards findings of better consistency in recent climatol-

ogies at midlatitudes.

There is a very large uncertainty in the hybrid budgets at

the Southern Ocean. Combinations using CMAP for pre-

cipitation, and NOC1.1a and GSSTF2.0 for evaporation,

(small, blue and red symbols in Fig. 3), give an excess of

evaporation over precipitation. This is likely due to

CMAP’s underestimation of precipitation in this region

(Edwards 2007). In the Arctic, climatological combinations

with GSSTF2.0 (red symbols), give excess of evaporation

over precipitation. The other combinations produce excess

of precipitation over evaporation. Estimations using evap-

oration from NOC1.1a have the handicap that the evapo-

ration climatology has missing data in most of this region.

4.2 Results from GCMs

Twenty-one-year means of water vapour fluxes over the

large-scale regions are shown in Figs. 4, 5 and 6. Their

corresponding oceanic surface water fluxes are summarised

in Table 2.

The main patterns of the water vapour transports in the

GCMs are analogous to the ERA40 and NCAR-NCEP

transports, reflecting the general circulation in the lower

troposphere. Compared to the reanalyses, the models show

an excess of evaporation in the tropical-subtropical

Atlantic. This is manifested mainly as a lack of water

vapour imported across the African boundary. HadCM3

model, which has a significant evaporative bias in this

Fig. 3 Oceanic surface freshwater fluxes, P - E ? R, (Sv). Symbols
denote river discharge climatologies. Diamonds GRDC, squares Dai-

Trenberth, triangles Baumgartner-Reichel. Sizes of symbols denote

precipitation climatologies. Small CMAP, large GPCP2. Color of

symbols denote evaporation climatologies. Black da Silva, red
GSSTF2, blue NOC1.1a. For comparison, 1979–2000 averages and

2-r uncertainties of estimates from reanalysis data are included.

Orange ERA40, green: NCAR-NCEP
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region (Pardaens et al. 2003), also shows a large export to

the Pacific Ocean. Models have difficulties in representing

the surface fluxes over the tropical-subtropical Pacific.

HadCM3 displays a fresh bias in this area, whereas

HadGEM1 and HadGEM2-AO an evaporative error. The

freshwater budget in this region in all three models suffers

from too much import of water vapour across the Indonesia

boundary and an excessive export of water vapour to the

mid-latitude regions. This surplus of water vapour from the

tropical-subtropical regions makes, in turn, the surface

fluxes over the oceans too fresh at mid latitudes and, in the

case of HadGEM1 and HadGEM2-AO, also produces a

fresh bias over the Southern Ocean.

For most of this paper we use expression (12) to cal-

culate the oceanic water fluxes in terms of water vapour

transport, and neglect the contribution from changes in

water storage. This can be justified when using annual

means or longer time averages, since those terms are small

compared to the rest in the conservation equation. How-

ever, at shorter time scales, changes in water storage may

be of the same order or larger. This is shown in Table 3,

where climatological values of area-integrated estimates of

changes in precipitable water and land storage are dis-

played for the various regions defined above. The obser-

vational estimates have been obtained as follows. Changes

in precipitable water have been computed from ERA40

Fig. 5 Transport of water vapour into ocean basins(Sv). HadGEM1

Fig. 4 Transport of water vapour into ocean basins(Sv). HadGEM2-AO
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data. Changes in land water storage, on the other hand,

consist of three components, changes in soil moisture,

changes in the river channel storage and changes in snow

cover. We have calculated the soil moisture budgets with

data from CLM and Mosaic land surface models forced

with observations (Mitchell et al. 2004). To obtain esti-

mates of the change in river storage, the river routing

model TRIP was forced with Fekete runoff climatology

(Fekete et al. 2002). Change in snowcover was estimated

using ERA40 snow depth with an assumed fixed snow

density of 250 kg/m2. The uncertainties in the observed

components of land water storage are relatively large,

partly due to the lack of direct observations and the reli-

ance on reanalysis and model/data hybrid products.

The tendency terms show an annual cycle that, when

averaged, has values of the order of 0.001 Sv or smaller.

Changes in land storage are in general larger than changes

in precipitable water. Two of the considered regions show a

pronounced annual cycle in their land storage budgets. The

Arctic region, with its considerable amount of snow

melting, and the tropical-subtropical Atlantic region, where

the annual cycle reflects the motion of large water masses

from the main rivers included in the region.

Figure 7 shows the annual cycle of the oceanic surface

freshwater budgets from HadGEM2-AO, HadCM3 and the

observational estimates. In most of the defined regions, the

annual cycle is well represented by the GCMs (the curves

from models and observational estimates have similar

shapes), although GCM cycles show positive and negative

biases. An exception is tropical-subtropical Pacific region.

In the Arctic and North Atlantic regions, the main contri-

bution to the annual cycle comes from the change in land

water storage. In the Arctic, this cycle is better represented

in HadGEM2-AO than in HadCM3. The large evaporative

Fig. 6 Transport of water vapour into ocean basins (Sv). HadCM3

Table 2 Oceanic surface freshwater fluxes, P - E ? R from the

GCMS (Sv)

Ocean basin HadGEM2-AO HadGEM1 HadCM3

Arctic 0.20 ± 0.01 0.20 ± 0.01 0.18 ± 0.01

North Atlantic 0.09 ± 0.02 0.07 ± 0.02 0.08 ± 0.02

Trop./Subtrop.

Atlantic

-0.62 ± 0.04 -0.52 ± 0.04 -0.64 ± 0.07

Mediterranean Sea 0.00 ± 0.01 -0.02 ± 0.01 -0.02 ± 0.01

North Pacific 0.37 ± 0.02 0.40 ± 0.02 0.39 ± 0.03

Trop./Subtrop.

Pacific

-0.48 ± 0.06 -0.56 ± 0.07 -0.17 ± 0.08

Indian Ocean -0.43 ± 0.05 -0.43 ± 0.07 -0.63 ± 0.07

Southern Ocean 0.87 ± 0.02 0.86 ± 0.02 0.80 ± 0.02

The table shows climatological values and 2-r uncertainties

Table 3 Maximum values of area-integrated monthly changes in

precipitable water and land storage, (Sv)

Ocean basin oW
ot

� �
oWl

ot

� �

Arctic 0.06 (May) -0.24 (Aug)

North Atlantic 0.06 (May) -0.18 (Jul)

Trop./Subtrop. Atlantic 0.04 (Feb) 0.31 (Jan)

Mediterranean Sea -0.04 (Oct) -0.06 (Jun)

North Pacific 0.11 (May) -0.07 (Jul)

Trop./Subtrop. Pacific -0.04 (May) -0.03 (Nov)

Indian Ocean -0.04 (Aug) -0.09 (Oct)

Southern Ocean 0.10 (Nov) 0.04 (Feb)

The months at which the values occur are shown in parentheses. We

use the same nomenclature as in Sect. 2. Brackets indicate area

integration
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bias shown by HadCM3 in the tropical-subtropical Atlantic

is particularly noticeable during the April to October

months. This bias has been reduced in HadGEM2-AO. For

most of the defined regions, the annual cycle is better

represented in HadGEM2-AO than in HadCM3, except in

the Southern Ocean where the model has a positive bias all

year round.

In order to quantify the errors in the oceanic surface

freshwater budgets and to compare objectively the perfor-

mance of the different GCMs, we have used the metric

described in Sect. 2. Results are shown in Fig. 8, where SM

and SU values on each large-scale ocean basin are dis-

played. There are large observational uncertainties relative

to the reference model values, especially in the Arctic,

North Atlantic and Southern Ocean. The model budgets are

within the range of observational estimates only in the

Arctic and North Atlantic regions. HadGEM2-AO scores

better than HadGEM1 and HadCM3 in the majority of the

defined regions, with the exceptions of the Southern Ocean,

North Atlantic and the tropical-subtropical Atlantic. In the

last region, a compensation error in precipitation puts

HadGEM1’s fluxes closer to observational uncertainty.

A substantial improvement in the freshwater budget over

the Indian Ocean can be noticed in HadGEM1 and

HadGEM2-AO, compared to HadCM3 values. A metric

value for the sum of RMS differences in all regions has been

included in this plot (denoted as Total in Fig. 8). It suggests

steady improvement in the representation of the freshwater

surface fluxes along the three generations of the model.

Metrics are useful to assess different aspects of a GCM,

since they provide quantitative information of model

performance and reduce subjectivity in the evaluation.

However, they are less informative to shed light on the

causes of errors. To complete the assessment of the model

representation of water vapour transports we will present in

the following subsections two aspects of their global

hydrological cycle, the sources and sinks of water vapour

and the strength of the hydrological cycle.

4.3 Water vapour divergence

The divergence field of the water vapour transport links

sources and sinks of water vapour to evaporation and pre-

cipitation budgets (see, for example, Eq. (5) from Sect. 2).

Divergent regions on the globe correspond to places where

evaporation is greater than precipitation, whereas water

vapour convergence is found in locations where precipita-

tion exceeds evaporation. Figure 9a illustrates global water

Fig. 7 Oceanic surface freshwater budgets, (Sv). Annual cycle. Blue
HadGEM2-AO. Red HadCM3. Green Observational estimates. Shades
indicate 2-r uncertainty
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Fig. 8 Normalised metric to assess models. Observational uncertain-

ties are indicated by error bars. The green color indicates that the

model surface flux value is within observation uncertainty. Amber
color indicates that the flux estimate is outside observation uncer-

tainty, but closer to observations than the reference model. Red
indicates that the flux is outside observation uncertainty and worse

than the reference model. HadCM3 has been used as reference model
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vapour sources and sinks from ERA40 data. A climato-

logical mean of water vapour divergence is superimposed to

the divergent component of the water vapour flux vector.

Sources are represented by yellow and orange shadings,

whereas sinks, by green shadings. Water vapour source

regions are situated in the Pacific and Atlantic subtropics as

well as in the Indian Ocean region west of Australia and the

centre of divergence west of India that supplies part of the

moisture for the Indian monsoon. Sinks are located in the

equatorial convective zones and mid to high latitudes, and

are associated with the ITCZ and storm tracks respectively.

Over land, the belts of convergence are placed on the

drainage basins of the large river systems.

Figures 9b–d show the model E - P errors from

ERA40, obtained from their differences in the water

vapour divergence. Green shading indicates a negative

error, whereas yellow and orange shading show positive

errors. All three generations of the coupled model show a

large negative E - P bias over the Maritime Continent,

that is associated with a warm SST error in the region and

a cold equatorial Pacific (Martin et al. 2006; Pardaens

et al. 2003). This is particularly exacerbated in HadGEM1

(see Fig. 9c). In this model the equatorial cooling is

considerably larger that in the other model configurations.

HadGEM1 is in a regime with excessive convection

occurring over Indonesia and a stronger Walker circula-

tion. The convection in that region is promoted by local

warmer SSTs and by inhibiting convection in the equa-

torial Pacific, where the cold SST anomalies take place.

The cold anomalies, on the other hand, are to a large

extent originated by excessive easterly wind stress on the

lower branch of the stronger Walker circulation (Martin

et al. 2006). Those biases have diminished significantly

in HadGEM2-AO, as shown in Fig. 9b. The adaptive

detrainment parameterization included in the convective

scheme of this configuration has improved the simulations

of tropical convection and wind stress over the tropical

Pacific. Changes in the background ocean diffusivity

profile in the thermocline have substantially reduced the

SST bias in the tropics.

Comparisons with individual climatologies of E and

P show that the model errors in the tropical-subtropical

a

c d

b

Fig. 9 a Sources and sinks of water vapour in ERA40. 1979–2000

average water vapour divergence (10-5 Kg/m2s) superimposed to the

divergent component of the water vapour flux vector. b HadGEM2-AO

E � P error from ERA40, computed from their difference of water

vapour flux divergence (10-5 Kg/m2s). c HadGEM1 E � P error.

d HadCM3 E � P error
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Atlantic region are characterized by an excess of evapo-

ration in the equatorial and northern subtropic regions, an

excess of precipitation over the equatorial Atlantic, and a

lack of evaporation in the southern subtropic. Integrated

over the area used to calculate the metric results presented

in the last subsection, they manifest themselves as a posi-

tive E - P bias. This bias is more prominent in HadCM3

and has been substantially reduced in HadGEM1 and

HadGEM2-AO. Although the integrated E - P budget

over the area is closer to reanalysis values in HadGEM1,

this is in part due to the excess of precipitation over

the equatorial Atlantic. The spatial patterns of evaporation

and precipitation on this area are better represented in

HadGEM2-AO.

Over land the three model configurations show a lack of

precipitation in the Amazon river basin, and a precipitation

deficit in the equatorial African area is also displayed by

the HadGEM models.

For all models, precipitation tends to be overestimated at

mid to high latitudes. HadGEM2-AO, worsens the pre-

cipitative bias in the North Atlantic basin. Errors or this

type lead to excessive freshwater forcing the surface waters

of the ocean in these regions.

4.4 Precipitable water and strength of the hydrological

cycle

The above errors in the surface freshwater fluxes are con-

sistent with an excessively active water cycle modelled by

the GCMs. As a measure of the strengh of the hydrological

cycle, we estimate the global residence time of water in

the atmosphere by computing the rate at which water

leaves the atmospheric storage (Bosilovich et al. 2005):

s ¼ hWihPi ;where s, hWi and hPi are respectively the resi-

dence time, the total amount of water vapour (global pre-

cipitable water) and the global precipitation. A comparison

of model precipitable water and NVAP climatology

(Randel et al. 1996) is shown in Fig. 10. In general the

model represents well the main spatial patterns of the field:

a continuous decrease from a maximum value in the

equatorial regions to the North and South poles, with

departures from zonal symmetry associated with topogra-

phy, and small values of precipitable water in terrestrial

zones of strong subsidence. However, the difference fields

on Fig. 10b–d show a considerable deficit of model pre-

cipitable water in the tropics. The deficit in the tropical

a b

c d

Fig. 10 a 1988–1998 NVAP precipitable water. b HadGEM2-AO minus NVAP precipitable water. c HadGEM1 minus NVAP precipitable

water. d HadCM3 minus NVAP precipitable water. Values are expressed in mm
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Pacific is mainly caused by the cold bias in the region

mentioned in the previous subsection. When the models are

run in the atmosphere-only mode with prescribed SSTs, the

moist deficit in the tropical Pacific is no longer present.

Table 4 shows global values of precipitable water, pre-

cipitation and residence times for models and climatolo-

gies. The models show a deficit in the total amount of water

vapour and a more intense global precipitation, compared

to climatologies, leading to a shorter water vapour resi-

dence time. Water vapour recycles between 12 and 24%

faster in the different configurations of the model. The

atmospheric-only versions (HadGEM2-A, HadGAM1 and

HadAM3) show global precipitable water close to the cli-

matology value, but keep the same precipitation error as

their coupled counterparts. In sum, the shorter global water

vapour residence time that characterises the more active

hydrological cycle modelled by the GCMs is mainly

caused by a deficit in water vapour content over the tropical

oceans and an enhanced global precipitation rate.

5 Summary and conclusions

We have analysed large-scale water vapour transports in

three versions of the Hadley Centre global climate model.

A diagnostic based on moisture conservation in the atmo-

sphere has been used to derive surface freshwater budgets

over ocean basins, employing integrated water vapour

fluxes. This provides an effective tool to investigate model

errors and biases.

Using the diagnostic we have estimated the oceanic

surface freshwater budgets from ERA40 and NCAR-NCEP

data. When compared, both reanalyses share the main

features of water vapour transport and show a good amount

of overlap in their values of surface freshwater fluxes for

most of the ocean basins. The oceanic surface fluxes are

also compatible with analogous budgets calculated from a

set of various combinations of evaporation, precipitation

and river discharge observational estimates. This is in part

due to the large uncertainty in the budgets obtained from

the hybrid observations, which also show large global

imbalances.

A metric has been introduced to evaluate the represen-

tation of the oceanic surface freshwater fluxes in the cli-

mate models. There are large observational uncertainties

relative to reference model values. In general, HadGEM2-

AO scores better than HadGEM1 and HadCM3. A notice-

able exception is given over the Southern Ocean, where

excessive import of water vapour from the Indo-Pacific

region in HadGEM2-AO makes the atmospheric flux too

fresh in this region.

An analysis of sources and sinks of water vapour reveals

an excess of evaporation in the tropical-subtropical

Atlantic shared by the three models. This is particularly

large in HadCM3 and has been substantially reduced in

HadGEM1 and HadGEM2-AO. The models also have

difficulties in representing faithfully the seasonal cycle of

surface fluxes over the tropical-subtropical Pacific. Another

common error is a surplus of water vapour from the trop-

ical-subtropical regions going into the mid-latitude regions.

This makes the surface fluxes over the oceans too fresh at

mid-latitudes.

The above errors are consistent with an excessively

strong hydrological cycle. Water vapour recycles between

12% and 24% faster in the climate models, compared to

estimates from observations. The shorter water vapour

residence times in the GCMs are the effect of a combina-

tion of an enhanced global precipitation rate and a deficit in

the water content of the atmosphere.

HadGEM1 and HadGEM2-AO show a substantial

reduction in the evaporation over the tropical-subtropical

Atlantic, a distinct error in HadCM3. Previous work (Latif

et al. 2000; Thorpe et al. 2001) has shown that the THC is

potentially sensitive to the Atlantic salinity budget. The

over-evaporative tropical Atlantic in HadCM3 becomes

even more strongly evaporative in a greenhouse-warmed

world. This leads to a build up of more saline water, which

on advection to the north supports deep convection,

increases the steric gradient, and tends to stabilise the THC.

A broadly similar response is found in Latif et al. (2000),

though in their case it is associated with preferential

excitation of an El Niño-like response under enhanced

greenhouse forcing. It is an open question as to whether the

errors in model physics that are responsible for the overly

evaporative tropical Atlantic in HadCM3 are also impli-

cated in the strongly stabilising nature of salinity advection

in the model, and hence whether the THC in HadCM3 is

too stable. On the basis of the salinity advection feedback

seen in other models and the reduced evaporative errors in

the tropical Atlantic of HadGEM1 and HadGEM2-AO, we

would expect the latter two models to exhibit more sensi-

tive THC responses to greenhouse forcing than HadCM3.

Table 4 Global values of precipitable water (1016 Kg), precipitation

(1015 Kg/day) and water-vapour residence time (day)

P. water Precip. Residence time

Climatology 1.25 1.33 9.39

HadGEM2-AO 1.14 1.57 7.27

HadGEM1 1.12 1.57 7.13

HadCM3 1.22 1.48 8.24

HadGEM2-A 1.19 1.56 7.65

HadGAM1 1.23 1.59 7.74

HadAM3 1.24 1.50 8.27

NVAP and GPCP2 have been used to estimate the climatology values

of precipitable water and precipitation, respectively
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