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Abstract A physically based land surface parameterization scheme SWAP 
(Soil Water-Atmosphere-Plants) for coupling with atmospheric models is 
presented. SWAP is a one-dimensional model based on a system of equations 
for the land surface energy balance, the water balance of a soil root zone, the 
heat and water transfer within the soil-vegetation/snow cover-atmosphere 
system. SWAP includes a two-dimensional kinematic wave equation to 
calculate the basin streamflow hydrograph. The model was validated at the 
local as well as catchment scale in the framework of PILPS (Project for 
Intercomparison of Land-surface Parameterization Schemes). Analysis of the 
results obtained shows that SWAP performs fairly well without any 
calibration at the local scale for mid-latitude homogeneous grassland under 
non-water-stressed condition. At the basin scale SWAP needs calibration of 
some soil parameters and land surface characteristics. 

INTRODUCTION 

The aim of this paper is to present a physically based model, namely SWAP (Soil 
Water-Atmosphere-Plants), describing the interaction between the land surface and the 
atmosphere throughout the year on a local scale and oriented towards coupling with 
atmospheric models. SWAP is a one-dimensional model based on a system of 
physical-mathematical equations for the surface energy balance, the water balance of 
the soil root-zone and for the heat and water transfer within the soil-vegetation/snow 
cover-atmosphere system (SVAS). It includes a description of the processes occurring 
(a) during the warm season: rainfall interception, surface runoff, infiltration, 
transpiration, soil evaporation, evaporation of intercepted precipitation, dynamics of 
soil water storage, drainage; and (b) during the cold season: soil freezing and soil 
thawing, formation of snow cover (snow accumulation, evaporation from snow and 
snowmelt), infiltration of melted snow and runoff after snowmelt. Besides that, SWAP 
can reproduce streamflow from a basin. 

MODEL DESCRIPTION 

The distinctive features of the model SWAP are that: (a) it is a physically based model 
especially with respect to a description of the processes of the winter-spring period 
which are usually described very schematically; (b) it attempts to solve the systems of 
equations by using analytical methods contrary to the usual practice of application of 
numerical ones; (c) it includes a relatively small set of parameters most of which can 
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be obtained from literature and (d) when calculating the partition of non-intercepted 
rainfall into infiltration and surface runoff, the spatial variability of the hydraulic 
conductivity at saturation is taken into account. Relatively simple mathematical 
formalism and application of an analytical approach make the model compact and 
rational with respect to consuming computer resources. The limited length of this 
paper only allows a brief description of the model. 

The water balance components of SVAS are calculated from the water balance 
equations for a canopy, snow and soil. The calculation of the soil water balance is 
based on the water balance equation for the soil root zone: 

Pwhr^- = P-E-Rs-Q (D 
ox 

where x is the time, pw is the water density, hr is the root-zone depth, W is the 
volumetric soil moisture (m 3mf 3), P is the non-intercepted precipitation, E is the 
évapotranspiration flux which includes transpiration rate ET, bare soil evaporation rate 
Es, evaporation rate of intercepted precipitation Ec, and snow evaporation rate ESN, RS 
is the surface runoff, Q is the discharge at the bottom of the root-zone; P, E, Rs and Q 
are in kg m"2 s"1. Hereafter SI units are used. 

Simulation of ET and Es during the warm season is based on the semi-empirical 
theory by Budagovskiyi (1964, 1989). It should be noted that all empirical constants 
were obtained from numerous field experiments carried out in various agro- and 
natural ecosystems in the steppe and forest-steppe zones of the former Soviet Union. 
According to Budagovskiyi the transpiration rate ET and soil evaporation rate Es can be 
computed by the following equations: 

ET =$E„{l-\\i{L)) (2) 

Es = EPE\\i(L)\ 
f f 
l - ( l - 2 . 5 ^ „ ) e x p (3) 

V|/(i) = exp(-0.45L), (3 = m i n ( ^ IWcr,l), Wcr =£>l+ t,2Epr (4) 

where Epr is the potential transpiration rate, i.e. transpiration by full plant cover under 
unlimited water supply and current meteorological conditions; EPE is the potential soil 
evaporation rate; B is the soil moisture availability function; L is the leaf area index; 
Wa is the volumetric available soil moisture of the root zone (m nf 3 ) (calculated as the 
difference between the soil moisture of the root zone and plant wilting point Wwp); Wcr 

is the critical volumetric available soil moisture content; Çi and Ç2 are the 
empirical coefficients equal to 0.06 and 0.0042 day m 2 kg"1, respectively (if EPE is in 
kg m"2 day"1). 

It should be noted that equation (3) was obtained for time steps of 10 days and 
more, consequently, for smaller time steps it can be applied only as a first 
approximation. 

Potential evaporation from the land surface (soil or snow) EPE is calculated using 
atmospheric forcings from the lowest atmospheric layer of a general circulation model 
(GCM). Since the lowest layer can be situated at a height of an order 101—102 m from 
the land surface, the turbulent fluxes and surface temperature should be calculated 
taking into account the atmospheric stability. Here, for this purpose we use the main 



The land surface parameterization scheme SWAP: description and validation 115 

outcome of the Monin-Obulchov (MO) similarity theory (Zilitinkhevich, 1970). The 
system of equations for the calculation of potential evaporation includes: (a) equations 
for the heat and water turbulent fluxes at the land surface, defined in terms of MO 
scaling parameters; (b) equations for the vertical profiles of wind speed, air 
temperature and air specific humidity resulting from the MO theory; (c) an 
equation for net radiation; (d) Magnus' equation for surface air humidity at 
saturation; and (e) the equation for the heat balance at the land surface. The latter 
equation is written as: 

R = XE + H + G + XlcM (5) 

where Rn is the net radiation flux, H is the sensible heat flux, G is the ground heat flux, 
and M is the snowmelt rate; X = Xw+ Xjc, where Xw is the latent heat of vaporization of 
water and XJc is the latent heat of fusion of ice. 

For the warm season G is calculated approximately from the empirical relations of 
Budyko (1956). For the cold season G can be calculated from Gusev (1993) (see 
equations (13) and (16)). The cold season is identified by the fulfilment of at least one 
of the following conditions: (a) daily surface temperature is below 0°C, (b) presence of 
snow cover, (c) presence of frozen soil zone. 

Potential transpiration rate EPj can be derived from potential soil evaporation rate 
as (Gusev & Nasonova, 1997): 

Epr =d)EPE , © = 0 .041/7?/ +0.78 (6) 

where Lf is the mean size of the plant's leaves (m). The evaporation rate of intercepted 
precipitation Ec, and the snow evaporation rate ESN, are assumed to be equal to the rate 
of potential evaporation EPE. 

The upward flux of water at the lower boundary of the root zone for the warm 
period is calculated empirically (Dzhogan, 1990); for the cold period the algorithm is 
not simplified. A downward flux of water occurs when the liquid water content in the 
root-zone exceeds field capacity. 

The calculation of surface runoff Rs is based on the Hortonian surface runoff 
concept, i.e. Rs occurs when the non-intercepted precipitation rate P exceeds the soil 
infiltration rate /, when / is calculated from a modification of the Green-Ampt equation 
(Gusev, 1989). It should be noted that one of the specific features of the cold season is 
that / depends on the soil ice content Ic along with other factors and can be calculated 
as (Gusev, 1989, 1993): 

V if u<Wm,-Ic 

k\WM-Ic-u, 1 
(1 + 8/c) 2 

(7) 
if u = W,„,-Ic 

where V is the rate of water yield of snow cover; Wsa, is the soil moisture at saturation; 
u is volumetric content of liquid water in wetted soil during snowmelt; us is static soil 
water; k0 is hydraulic conductivity at saturation. 

The quantity V is obtained easily from the water balance equation for snow. The 
soil ice content Ic is determined by the solution of the heat balance equation of frozen 
soil. The liquid water content u can be calculated as (Gusev 1989, 1993): 
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U = mm us+(Wsat-us)\ 
r -, \ 1 / 4 
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The quantities u and le are connected with the root-zone soil moisture W: 

W = u+Ic- pw I plc 

(8) 

(9) 

where p/ c is the ice density. 
To calculate Ic it is necessary to know the depths of soil freezing t\ and soil 

thawing The value of E, is calculated when the surface temperature ts< 0. Equations 
for these variables were derived by Gusev (1988, 1993). The equation for t\ was 
obtained by solving the equation for the rate of movement of the freezing front, which, 
in its turn, is based on the heat balance equation for frozen soil: 

A, — = q 
dx f •9u 

A * = ^ c P „ ( ^ - " m i „ ) + -
Cjt. 

t„ = • 
4 + hk2 lkx 

qf=-G = -
t,/k2+h/k{ 

2k/ 

72.25c;2 +12a 3(T + x 0 ) -1 .5Ç 

(10) 

(H) 

(12) 

(13) 

(14) 

Here, qun is the heat flux from the unfrozen zone to the freezing front; tg is the 
temperature at the soil surface; t is constant soil temperature at the depth where annual 
amplitude of soil temperature is damped out; ts , tg and t are in °C; h is the snow 
height; umi„ is the minimum amount of unfrozen water in frozen soil; k\, k2 and k3 are 
the thermal conductivities of snow, frozen soil and unfrozen soil, respectively; Ci is 
the volumetric heat capacity of frozen soil; «3 is the thermal diffusivity of unfrozen 
soil; the parameter To is characterizing the influence of a period prior to freezing taken 
to be 10 days (Gusev, 1993). 

The soil thawing depth \\tn can be obtained from the heat balance equation for 
thawing of the frozen soil when ts> 0 (Gusev et al., 1993): 

X 
dx 

(15) 

(16) 
UK 

K-KPSW-U^) 07 ) 

The intensity of surface runoff Rs = P -1 for the warm period and Rs= V -1 fox the 



The land surface parameterization scheme SWAP: description and validation 117 

cold season. At the basin scale the model SWAP calculates the streamflow 
hydrograph q(x), which is obtained from the two-dimensional kinematic wave 
equation: 

on ox oy 

q = qx+qy , qx=L-=k=h? , q ^ l - ^ ^ h ^ (19) 
" -y/lgrad r|| « 1 

gradn = ^ il+il (20) 

where hw is the effective depth of flow along basin slopes; x and y are spatial 
coordinates; qx and qy are the discharges of water per unit width of flow along the x 
and y axes; n is the effective Manning roughness coefficient and ix and iy are the 
average slopes of the basin surface along the x and y axes. 

MODEL VALIDATION 

The model was validated at both the local and basin scale within the framework of 
PILPS (Project for Intercomparison of Land-surface Parameterization Schemes) 
phase 2a (Chen et al, 1997) and phase 2c (Wood et al, 1997) experiments, 
respectively. The time step used in calculation was one day. All atmospheric and 
hydrological data, as well as most of the required parameters for model validation were 
provided by the PILPS 2a and 2c organizers. Some of the missing parameters, mainly 
concerning the winter-spring period, were taken from the literature (Kalyuzhnyi & 
Pavlova, 1981; Gusev, 1993). 

Stand-alone land surface "point" simulations 

The stand-alone land surface "point" simulations were carried out (without any 
calibration) using observed point data for the year 1987 from Cabauw (the 
Netherlands, grassland, PILPS 2a) as the atmospheric forcing. Full descriptions of the 
site, data and parameter values used for the model simulations are given in Chen et al. 
(1997). Simulated annually, monthly and daily averaged surface turbulent fluxes, net 
radiation and surface radiative temperature were compared with observations. Some 
results are given in Fig. 1 and summarized in Table 1. 

Table 1 Statistical characteristics of the results of model validation for Cabauw (1987). 
Variable Root-mean-square errors for: 

monthly values daily values 
Annual means: 
modelled observed 

Sensible heat flux (W m"2) 4.5 9.8 -3.6 -1.3 
Latent heat flux (W m"2) 4.7 14.9 39.8 38.8 
Net radiation (W m"2) 4.2 13.9 37.1 36.8 
Surface temperature (K) 1.4 1.9 281.7 280.8 
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Fig. 1 Observed and simulated monthly mean turbulent heat fluxes, net radiation and 
surface radiative temperature. 

As seen from Table 1 root-mean-square errors (RMSEs) of the calculated monthly 
values are equal to 4.5 W rrf2 for H, 4.7 W m"2 for XE, and 4.2 W m"2 for Rn, whereas 
the range of observation errors for the monthly averages was estimated to be ±5 W m"2 

for sensible heat flux and ±10 W m"2 for both latent heat flux and net radiation (Chen 
et al., 1997). Evidently, RMSEs of the calculated daily values are greater than those of 
the monthly values. 

It should be noted that most of our results are within the range of the other 
schemes participating in PILPS 2a. Thus, averaged over 23 schemes root-mean-square 
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deviation from monthly observation is equal nearly to 7.8 W rn 2 for H and 9.8 W m"2 

for XE, whereas for the model SWAP the corresponding values are 4.5 Wm" 2 and 
4.7 W nf2, respectively. 

Analysis of the results obtained allows us to predict that SWAP is suitable for 
parameterization of mid-latitude homogeneous grassland under non-water-stressed 
condition on a local scale. 

Basin scale validation 

Basin scale validation was carried out using forcing and streamflow data for the years 
1979-1987 for two basins with different climatic conditions (Mulberry River and 
Black Bear basins with drainage areas of 966 and 1494 km 2, respectively) situated 
within the Arkansas-Red River basin (USA). Full descriptions of the data provided and 
parameters are presented in (Wood et al., 1997). Calibration was carried out for one 
year when streamflow was close to its mean value (1980 for the Black Bear and 1987 
for the Mulberry River); the remaining years were used for verification. 

When performing calibration, we followed PILPS 2c instructions according to 
which most of the soil parameters and land surface characteristics were fixed. The 
modelling groups were allowed to adjust only model-specific parameters. For SWAP 
two parameters were determined by means of calibration, namely, the effective 
roughness coefficient by Manning n and the effective ground water table depth hg. 
These parameters were estimated by calibration because with their values were not 
provided. An adjusted n was equal to 0.06 and hs was 2.4 m for the Black Bear basin 
and 4 m for the Mulberry River. These values were used for model validation. 

Comparison between the modelled and observed monthly streamflow volume for 
the Black Bear basin is given in Fig. 2. The coefficient of correlation between monthly 
observations and simulations is equal to 0.92 for the Black Bear and 0.74 for the 
Mulberry River basin. The coefficient of correlation for daily values is 0.81 and 0.63 
for the Black Bear and Mulberry River, respectively. The ratio between the modelled 

350 

300 

O 250 | 250 

200 

150 
o 
s 100 
ID -*-» 50 

0 

Observation 
Simulation 

1979 1980 1981 1982 1983 1984 1985 1986 1987 
Fig. 2 Observed and simulated monthly streamflow for the Black Bear basin. 
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and observed streamflow volume over the whole period is 1.0 for the Black Bear and 
0.8 for the Mulberry River basin. 

Discrepancy between simulations and observations for the Mulberry River basin 
may be explained by application of the fixed (non-calibrated) soil parameters and land 
surface characteristics, influencing the runoff formation more than the calibrated 
parameters n and hs , for the calculations at regional scale. The provided values may be 
not optimal for the basin. To improve the results obtained the more influential 
characteristics (in particular, hydraulic conductivity at saturation) should be calibrated 
to determine their "effective" values. 

CONCLUSIONS 

The model SWAP, which describes the heat and water exchange processes within a 
soil-vegetation/snow cover-atmosphere system throughout the whole year and is 
oriented towards use of atmospheric forcings from the lowest atmospheric layer of a 
GCM, has been developed. Testing the model at the local and small basin scales has 
shown that: (a) SWAP performed fairly well without any calibration at the local scale 
for mid-latitude homogeneous grassland under non-water-stressed condition; (b) at the 
basin scale SWAP needs calibration of some soil parameters and land surface 
characteristics. 

It should be noted that further testing will be required at other sites with different 
types of land surfaces, different climatic conditions and at various scales before the 
model can be considered to be comprehensively validated and suitable for coupling 
with GCMs. 
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