
Asia-Pacific J. Atmos. Sci., 48(4), 457-463, 2012

DOI:10.1007/s13143-012-0041-3

NOTE

Effects of Freshwater Runoff on a Tropical Pacific Climate in the HadGEM2

Suryun Ham
1
, Song-You Hong

1
, Yign Noh

1
, Soon-Il An

1
, Young-Hwa Byun

2
,

Hyun-Suk Kang
2
, Johan Lee

2
, and Won-Tae Kwon

2

1Department of Atmospheric Sciences and Global Environment Laboratory, Yonsei University, Seoul, Korea
2National Institute of Meteorological Research, Korea Meteorological Administration, Seoul, Korea

(Manuscript received 15 December 2011; revised 17 May 2012; accepted 17 May 2012)
© The Korean Meteorological Society and Springer 2012

Abstract: This paper investigates the effects of river discharge on

simulated climatology from 1979 to 1988 using the Hadley Centre

Global Environmental Model version 2. Two experiments are per-

formed with and without the inclusion of Total Runoff Integrating

Pathways. The results show that the inclusion of flow routing can

lead to the decrease of salinity over the coastal region due to fresh-

water. This reduction results in a shallower mixed layer depth, which

in turn leads to the weakening of trade winds and a decrease in

vertical mixing in the ocean. The enhanced sensible and latent heat

fluxes over warmed SST improve the simulated precipitation and ther-

modynamic circulation. As a result, the experiment with flow routing

is capable of improving the large-scale climate feature with an increase

in precipitation over the eastern tropical equatorial Pacific region.

Key words: River discharge, flow routing, Total Runoff Integrating
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1. Introduction

The hydrological cycle influences climate in a variety of

ways. There exists robust freshwater exchange between the

atmosphere and the ocean. This exchange is regarded as one of

the most important, yet least understood components of global

water cycle. The freshwater flux at the ocean surface is still

poorly understood, which stems from the lack of observation

over the oceans (Zhou et al., 2003). Zhou et al. (2003) examined

freshwater flux from two reanalysis datasets provided respect-

ively by European Center for Medium-range Weather Forecasts

and National Center for Environmental Prediction. They

showed that remarkable difference has been found on regional

scales in the view of quantitative comparison. The oceans are

the dominant reservoir in the global water cycle, holding over

97% of the world’s water. In contrast, the atmosphere holds

only 0.001%. However, a few quantitative studies have been

made of the effects of land surface processes, using climate

model; they indicate that these processes are essential in main-

taining climate and controlling its temporal variation (Chahine,

1992). 

Understanding the transport of water over the surface of land

is an ongoing subject of research. Freshwater flux has a direct

effect on salinity in the ocean, which affects climate and water

cycles. It modifies the density of water, mixed layer depth, and

mixing and entrainment, all of which can affect sea surface

temperature (SST). Changes of freshwater flux can lead to

changes in ocean salinity, currents, and temperature (e.g., Carton,

1991; Murtugudde and Busalacchi, 1998), which may in turn

further feedback to the atmosphere (e.g., Zhang and Busalacchi,

2009; Wu et al., 2010; Zhang et al., 2011). 

Studies have been done to determine the quantity of flow

along rivers at various points in time and space. Most of them

have focused on small watersheds or regional models (e.g.,

Liston et al., 1994; Oki et al., 1999; Lucas-Picher et al., 2003).

For example, Liston et al. (1994) presented a runoff routing

model that produces discharge hydrographs from regional

gridded runoff data. Oki et al. (1999) calculated the mean

runoff estimated by the Land Surface Models (LSMs) for

drainage areas upstream of 250 operational global gauging

stations. Lucas-Picher et al. (2003) showed that the inclusion of

flow routing in the Canadian Regional Climate Model produces

a better agreement with observation-based streamflow estimates.

Recently, the climate modeling community has found the

importance of freshwater forcing from precipitation or river to

track the flow of water to the ocean on a global scale (e.g.,

Yang et al., 1999; Zhang and Busalacchi, 2009). Yang et al.

(1999) showed that the inclusion of freshwater input from

precipitation could lead to increases in SST by as much as

0.5 K in the tropical ocean in an oceanic general circulation

model (OGCM). They also suggested that the effects of salinity

should not be neglected for realistic forecasts of tropical oceans.

There are only a few modeling studies considering freshwater

forcing and its salinity-related effects on climate variability.

Zhang and Busalacchi (2009) found that the impact of fresh-

water flux forcing leads to enhanced interannual variability

and ENSO cycles. However, this was investigated using a

hybrid coupled model constructed from the OGCM and the

simplified atmospheric model. Using the fully coupled ocean-

atmosphere GCM, the mechanisms response to the western

tropical Pacific freshwater flux forcing were investigated by

Wu et al. (2010). However, they imposed an idealized forcing

over the limited region in the coupled model. 

In the tropical Pacific, a predominant role of SST forcing has
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been demonstrated in interannual climate variability, involving

a feedback loop among the SST, winds, and the thermocline.

The associated interannual changes in SST induce coherent

fluctuations in the atmospheric circulation, including precipita-

tion (e.g., Xie and Arkin, 1995; Yu and Weller, 2007). Moreover,

interannual freshwater flux variability shows a close relation-

ship with SST in the tropical Pacific (Zhang and Busalacchi,

2009). Some studies indicate that freshwater forcing and its

directly related changes in salinity can play an active role in

maintaining the Pacific climate and its low-frequency variabil-

ity through their effects on the horizontal pressure gradients,

stratification, and the equatorial thermocline (e.g., Yang et al.,

1999; Huang and Mehta, 2005). Thus, we attempt to use a

fully coupled GCM to understand the mechanisms of the

coupled atmosphere-ocean responses to freshwater forcing in

the Pacific region. The purpose of this study is to investigate

the effects of river routing processes on simulated climatology

in the Hadley Centre Global Environmental Model version 2

(HadGEM2) (Collins et al., 2008) in conjunction with a river

routing scheme using the Total Runoff Integrating Pathways

(TRIP) (Oki and Sud, 1998). This paper is organized as follows.

In section 2, model and experimental designs are explained.

Section 3 examines the impact of freshwater forcing on a

simulated climatology. Summary and concluding remarks are

discussed in section 4.

2. Model setup

a. HadGEM2

The HadGEM2 used in this study is a climate model de-

veloped by the UK Met Office. The atmospheric general

circulation model (AGCM) uses a grid-point scheme on an

Arakawa C grid in the horizontal and the Charney-Phillips grid

is used in the vertical. Ocean processes are represented by an

OGCM that is based on the Bryan-Cox formulation (Pacanowski

and Griffies, 1998). It uses an Arakawa staggered B grid in the

horizontal with variable spaced levels in the vertical. A pseudo

fourth-order advection scheme is used. 

The atmospheric component of the model utilized in climat-

ology simulations employs a spatial resolution of N96L38

(latitude-longitude grid with a 1.25o
× 1.875o in the horizontal,

and 38 layers in the vertical extending to over 39 km in

height). The ocean component of the model uses a latitude-

longitude grid with a zonal resolution of 1o and a meridional

resolution of 1o between the poles and 30o latitude, from which

it increases smoothly to 1/3o at the equator, ultimately giving

360 × 216 grid points in total. The model has 40 unevenly

spaced levels in the vertical reducing 10 m thickness near the

surface.

In this version in HadGEM2, output can save the atmo-

spheric variables including temperature and fluxes, and salinity

and potential temperature of oceanic variables. However, it is

not available runoff, and any other oceanic variables. 

b. MOSES 

The Met Office Surface Exchange scheme (MOSES) uses a

4 layer soil hydrology model based on a discretised version of

the Richards’ equation, and includes the effects of soil water

phase changes on the permeability and heat balance of the soil

(Cox et al., 1999). The sensible heat and the various evaporation

components are subject to an aerodynamic resistance which is

dependent on atmospheric stability and the surface roughness.

Evapotranspiration from the soil moisture store is also limited

by a surface resistance that is represented by a “bulk stomatal”

resistance model. The hydrology section calculates the inter-

ception of rainfall by the plant canopy, and the “surface” and

“drainage” components of the runoff, before updating the soil

moisture in the rootzone and the lying snow mass.

c. TRIP

TRIP uses a simple advection method to route total (surface

and subsurface) runoff along prescribed river channels. The

river channels are represented by two datasets giving the direc-

tion and sequence of the flow of water. It represents the

isolation of the river basins, inter-basin translation of water

through river channels as well as collection and routing runoff

to the river mouth for all the major rivers. To produce the first

guess of TRIP, river flow directions were determined from a

global Digital Elevation Map ETOPO5 (Edwards, 1986). 

The conservation of the water storage in the river channels

can be written as

where S
rc
 is the water storage in the grids representing river

channels, and D
IN is the sum of inflow from neighboring grid

boxes and generated runoff at the grid box. D
OUT

 is param-

eterized as

in linear models, where the proportional constant is given by

c = u
e
/d with effective velocity u

e
 (m s−1) and the distance d

(m) between grid boxes multiplied by a meandering ratio to

better represent the real length of the river. 

TRIP is coupled to the atmospheric model by taking daily

mean runoff (total surface and subsurface) from the land hy-

drology scheme as input and proving daily mean outflow at

river mouths to the ocean model as output (Falloon et al.,

2007, 2011). Initial water storage files are spin-up off-line

using long-term monthly means of runoff and daily timestep to

produce monthly initial ancillary files. Outputs from TRIP

include total inflow, total outflow, and water storage for each

grid box, and not include temperature for water. The ocean

model considers the calculated runoff from TRIP at coastal

outflow points. The resulting TRIP grid runoff is added directly

to the output for this point for conservation. Detailed infor-

dSrc

dt
--------- DIN DOUT–=

DOUT cSrc=
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mation on TRIP may be found on the TRIP homepage at http:/

/hydro.iis.u-tokyo.ac.jp/~taikan/TRIPDATA/TRIPDATA.html.

d. Experimental design

Two experiments are designed to investigate the effects of

river flow on a climate system. The run (RIV) with river routing

scheme and the experiment (nRIV) without TRIP were perfor-

med. In RIV run, daily mean outflow at river mouths is con-

sidered to the ocean model as input. In nRIV run, although

runoff from the land scheme is calculated, the outflow at river

mouths is not included to ocean model. The RIV run add

“water” at river mouths in ocean model compared to that in

nRIV run. However, it doesn’t mean higher water vapor in the

RIV case because the TRIP does interact with the atmospheric

model over land. Thus, in this study, impact from the river

freshwater on simulated climatology can be explained by directly

related changes in salinity.

The simulations were initialized and spun up from an ocean

state, corresponding to climatological fields of September mean

potential temperature and salinity at rest (Levitus et al., 1998).

These were interpolated to the defined model levels and ba-

thymetry with various infilling and adjustment procedures to

avoid obvious instabilities or inconsistency. The initial atmo-

spheric data was obtained by the UK Met Office, at which

corresponds to 0000 UTC 1 September 1978. This analysis was

also used for initializing the Atmospheric Model Intercom-

parison Project II (AMIP-II) runs. A more detailed description

of the initial data is available in the study of Johns et al. (2006). 

The model integrations were run for an 11-year period from

1 September 1978, with an approximate 4-month spin-up time.

The results for 10-year are analyzed because the key features

for 10-year period (1979-1988) are similar to those for a 1-year

period (1979) although those tend to be smoothed. It means the

thermodynamic response between ocean and atmosphere is

more dominant than ocean dynamics feedback in this study.

Thus, analysis discussion is focused on atmosphere response

(e.g., heat fluxes, precipitation, large-scale circulation) to oceanic

changes. Also, this study is not analyzed ENSO cycle because

purpose is to investigation of climatological response. This

version in HadGEM2 has same framework as HadGEM1 in

Falloon et al. (2011) besides some physics schemes. Falloon et

al. (2011) showed that annual average outflow and annual cycle

of river flow from gauging station in the HadGEM1 are reason-

able compared to that from the GRDC-observed. Detailed in-

formation about gauging station outputs may be found Fallon

et al. (2011). In this study, analysis is focused on climatological

response.

3. Results and discussion

Figure 1 shows the horizontal distributions of differences in

total (subsurface and surface) runoff (kg m−2 s−1) over tropical

region between the RIV and nRIV experiments. In the RIV

experiment, the ocean model considers the calculated runoff

from TRIP at coastal outflow points. The runoff over the

Papua New Guinea in the western Pacific region (Fig. 1a) and

the Gulf of Guayaquil in western Ecuador in the eastern

Pacific region (Fig. 1b) is a noticeable distinction due to heavy

rainfall or spilled freshwater from the river. The runoff from the

RIV run is reduced over the inland area in the South America

compared to that from the nRIV run. It is due to the fact that

TRIP in the RIV experiment uses a simple advection method

to route total runoff along prescribed river channels. Mean-

Fig. 1. The distribution of difference in the total runoff (kg m−2 s−1) over the (a) western Pacific, and (b) eastern Pacific between the RIV and nRIV
experiments.
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while, the spilled freshwater into the ocean and its related

salinity effects have been shown to play an important role in

climate variability (Zhang and Busalacchi, 2009). 

Figure 2 shows the horizontal distributions of differences in

salinity, temperature, mixed layer depth, and fluxes for the 10-

year period between the RIV and nRIV runs. To estimate

‘noise’, it shows the 95% significance thresholds as shading

area. The notable reduction of salinity is observed in the eastern

and western Pacific coastal regions, especially western Ecuador

(Fig. 2a). It is due to the fact that the runoff is increased over

the Papua New Guinea in the western Pacific region and the

Gulf of Guayaquil west of the Ecuadorian coast in the eastern

Pacific region. There is a positive feedback between the fresh-

water runoff and precipitation since the result from the land

surface algorithm affects runoff from the TRIP. The runoff

over these regions shows a noticeable distinction due to heavy

rainfall (See Fig. 1). Reduced salinity over the coastal regions

in the RIV run leads to an increase in SST over the eastern

equatorial Pacific (120oW~80oW), that is, an upwelling region

(Fig. 2b). 

This is related to a decrease in the upwelling of cold sea-

water due to a reduction of trade winds (Fig. 2b). The resultant

shallow mixed layer depth can cause the anomalous warming.

It is consistent with the finding of previous studies. Yang et al.

(1999) found that increased freshwater input from ocean pre-

cipitation produces a decrease in salinity and an increase in

temperature in the upper ocean. Wu et al. (2010) indicate that a

negative freshwater flux can lead to a tropical cooling. Mean-

while, an increase in SST over the mid-latitude central Pacific

region is noticeable although changes in salinity are not sig-

nificant. It is due to the shallower mixed layer depth over the

mid-latitude (Fig. 2c) or to the change in the atmospheric tele-

connection associated with the anomalous equatorial eastern

Pacific warming. The reduced mixed layer itself also leads to

the warming of SST as long as no change in net heat fluxes (Yu

et al., 2006). Although net surface heat fluxes are reduced over

the eastern Pacific region (Fig. 2d), a reduction of mixed layer

depth leads to an increase in SST. 

The RIV run reveals larger sensible and latent heat fluxes

over the eastern equatorial Pacific regions (80oW~120oW) than

those from the nRIV run (Figs. 2e and 2f). The tripole pattern

(north to south) of heat fluxes difference appear over the central

Pacific (120oW~150oW). The ocean surface warming over the

eastern Pacific induces the increase of latent and sensible heat

Fig. 2. The distribution of difference in the (a) salinity (PSU), (b) sea surface potential temperature (K) with wind vector (m s−1), (c) mixed layer
depth (m), (d) net surface heat flux (W m−2), (e) sensible heat flux (W m−2), and (f) latent heat flux (W m−2) between the RIV and nRIV
experiments. Shading region shows the 95% significance level. Dark (Light) shaded areas indicate positive (negative) differences in each variable. 
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fluxes, forming unstable conditions near lower atmosphere, as

compared to the nRIV experiment. Meanwhile the differences

in heat fluxes over the western Pacific are not significant. 

It is clear that the river routing processes in the RIV experi-

ment affect salinity through the discharge of freshwater. Vertical

distributions of salinity and temperature from the RIV and

nRIV experiments over the tropical eastern Pacific (15oS~

15oN, 70oW~110oW) are shown in Fig. 3. The salinity from the

RIV simulation is significantly decreased near the sea surface

to around 0.6 ((PSU-35)*1000), and slightly increased below

55 m compared to that from the nRIV simulation (Fig. 3a). In

the RIV run, the temperature profile shows a warming about

1 K near sea surface and a cooling about 1~2 K between 20 m

and 150 m compared to that from the nRIV run (Fig. 3b). It is

clear that the RIV experiment results in a shallower ocean

mixed layer depth (roughly 20 m) than the nRIV experiment

(roughly 55 m). The reduced salinity from the RIV run causes

an increase in SST due to shallower mixed layer depth. This

leads to a weakening of trade winds, and consequently reduc-

tion of upwelling, which may further raise the SST by reducing

the inflow of cold subsurface water into the mixed layer.

Simulated precipitation from the nRIV and RIV experiments

for the 10-year period and Climate Prediction Center (CPC)

Merged Analysis Monthly Precipitation (CMAP) data (Xie and

Arkin 1997) are compared (Fig. 4). The nRIV simulation satis-

factorily reproduces the distribution of precipitation (Fig. 4a).

Two precipitation peaks appear in the tropics, indicating a

double inter-tropical convergence zone (ITCZ), which is a

typical defect observed in many GCMs (e.g., Dai, 2006). Results

from the nRIV experiment exhibit exaggerated precipitation

over the central tropical ocean, whereas precipitation over the

eastern equatorial Pacific is underestimated (Fig. 4c). Results

from the RIV experiment show a better agreement with the

observed than those from the nRIV experiment, due to a

decrease in precipitation over the north of the equator in the

central Pacific (Figs. 4b and 4d). However, the amount is exag-

gerated over the eastern equatorial Pacific region. It can be due

to the fact that precipitation activity leads to an increase in the

runoff, which in turn raises the SST, and consequently enhances

precipitation activity again. 

The vertical profiles of differences in relative humidity and

Fig. 4. Precipitation distribution (mm d
−1

) averaged for the 10 yr (1979-1988) period for (a) nRIV experiment, (b) RIV experiment, (c) the
difference between the observation and nRIV experiment, and (d) the difference between the observation and RIV experiment. Contour line
indicates difference fields and shading region shows the 95% significance level in (c) and (d). Dark (Light) shaded areas indicate positive (negative)
differences in each variable.

Fig. 3. Vertical distributions of (a) salinity ((PSU-35)*1000) and (b)
temperature (K) averaged for the latitudinal band (15oS~15oN) and the
zonal band (70

o
W~110

o
W) from the RIV and nRIV experiments. Solid

line with open circles for the nRIV run, solid line with closed circles
for the RIV run, and gray solid line for the Levitus (1994) observation
data, respectively.
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temperature between each experiments and National Center

for Environmental Prediction (NCEP)/Department of Energy

(DOE) Reanalysis II (R2) data (Kanamitsu et al., 2002) are

plotted in Fig. 5. Both experiments reproduce a tropical pattern

similar to the R2 data (not shown). In the nRIV run, colder and

drier air generally appears in a large part of the troposphere,

especially between 300 and 100 hPa. It is apparent that in most

of the layer, temperature and moisture become warmer and

wetter in the RIV run, which is closer to what was observed.

This warming and moistening in the troposphere reflects the

enhanced precipitation activity. 

4. Concluding remarks

This study investigates the effects of river flow from the con-

tinents to the oceans on a 10-year simulated climatology using

the HadGEM2. Two experiments are designed with and without

the TRIP, that is, a river routing algorithm. It is supposed that

the river streamflow should have strong seasonal variations,

leading to different impacts for seasons, as shown by Falloon

et al. (2007). Our analyses revealed that changes in salinity

and atmospheric structure due to river routing algorithm in

summer or winter are found to be similar to those in annual

mean in Fig. 2a (Figures are not shown). 

In the run with the TRIP, the salinity is largely decreased, in

particular, over the eastern and western Pacific coastal regions.

The increase in SST is distinct over the eastern equatorial

Pacific region. As a result, the surface fluxes are increased over

the eastern Pacific, which enhances precipitation activity. The

increase of precipitation over the eastern Pacific and a reduc-

tion of it over the north of the equator in the central Pacific,

and the southern displacement of tropical rain over the Atlantic

oceans improve the precipitation climatology. An overall

increase of precipitation activity over the tropics reduces the

biases in the large-scale features by warming and moistening

the troposphere when the river flow routing is executed. 

Our results suggest that the inclusion of freshwater routing

from the continents to oceans should not be ignored in climate

simulation since it alters the SST, which is the external bound-

ary condition for the atmospheric model. Resulting changes in

the large-scale structure and precipitation are promising. How-

ever, there are a few issues to be cleared. First, the distributions

of oceanic processes need to be verified over an available

observation. Second, the long-term integration needs to be

investigated with respect to its upper ocean response in the

tropical Pacific. Further, modulation of surface evaporation

from the river itself over land needs to be considered. Despite

these uncertainties, our study demonstrates that the freshwater

runoff and its interaction with atmosphere should be considered

in climate simulation. 
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