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ABSTRACT

The prediction skill of dynamical downscaling is evaluated for climate forecasts over southern Africa using

the Advanced Research Weather Research and Forecasting (WRF) model. As a case study, forecasts for the

December–February (DJF) season of 2011/12 are evaluated. Initial and boundary conditions for the WRF

model were taken from the seasonal forecasts of the Scale Interaction Experiment-Frontier Research Center

for Global Change (SINTEX-F) coupled general circulation model. In addition to sea surface temperature

(SST) forecasts generated by nine-member ensemble forecasts of SINTEX-F, theWRFwas also configured to

use SST generated by a simple mixed layer Price–Weller–Pinkel ocean model coupled to the WRF model.

Analysis of the ensemble mean shows that the uncoupled WRF model significantly increases the biases

(errors) in precipitation forecasted by SINTEX-F. When coupled to a simple mixed layer ocean model, the

WRF model improves the spatial distribution of precipitation over southern Africa through a better repre-

sentation of the moisture fluxes. Precipitation anomalies forecasted by the coupled WRF are seen to be

significantly correlated with the observed precipitation anomalies over South Africa, Zimbabwe, southern

Madagascar, and parts of Zambia andAngola. This is in contrast to the SINTEX-F global model precipitation

anomaly forecasts that are closer to observations only for parts of Zimbabwe and SouthAfrica. Therefore, the

dynamical downscaling with the coupled WRF adds value to the SINTEX-F precipitation forecasts over

southern Africa. However, theWRFmodel yields positive biases (.28C) in surface air temperature forecasts

over the southernAfrican landmass in both the coupled and uncoupled configurations because of biases in the

net heat fluxes.

1. Introduction

The agro-based economy of southern Africa is af-

fected by interannual variations in austral summer

[December–February (DJF)] precipitation. These vari-

ations are mostly caused by the landmass surface prop-

erties and synoptic system characteristics that are, to

a great extent, affected by variations in sea surface tem-

peratures (SSTs) in the global and surrounding oceans

(Hirst and Hastenrath 1983; Reason and Mulenga 1999;

Behera and Yamagata 2001; Reason 2001; Rouault et al.

2003a; Reason et al. 2006). For example, variations in

SSTs of the surrounding oceans influence moisture ad-

vection toward southern Africa, which eventually affects

precipitation over southern Africa. The variations in the

Pacific Ocean are also known to indirectly affect precipi-

tation over southern Africa (Nicholson and Kim 1997;

Cook 2001; Reason and Jagadeesha 2005; Fauchereau

et al. 2009), though the teleconnection between these

SSTs and southern African precipitation is still not well

understood. The dependence of the seasonal precipita-

tion over southern Africa on the SSTs gives hope that

the seasonal climate of southern Africa is predictable.

Many studies have already been carried out in efforts

to forecast austral summer precipitation over southern

Africa (Joubert and Hewitson 1997; Mason and Joubert
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1997; Landman et al. 2009) using SSTs as predictors in

atmospheric general circulation models (AGCMs). Most

of these studies have indicated that precipitation is

often overestimated over southern Africa in stand-

alone AGCM simulations. Poor spatial representation

of the boundary SSTs over the surrounding oceans

might also lead to noticeable biases of precipitation

forecasts (Rouault et al. 2003b). Encouraging is a study

by Landman and Beraki (2012) that suggested ocean–

atmosphere coupled general circulation models might

have improved skill in forecasting seasonal precipitation

over southern Africa, which could further be improved

when a multimodel forecast approach is considered.

To reduce precipitation uncertainties in the GCM

forecasts and to improve the spatial representation of

such forecasts, dynamical downscaling using regional

climate models (RCMs) could be considered (e.g., Giorgi

1990). Many attempts have already been made to down-

scale summer precipitation over southern Africa (Joubert

et al. 1999; Hansingo and Reason 2008; Tadross et al.

2006; Kgatuke et al. 2008; MacKellar et al. 2009; Landman

et al. 2009, Cr�etat et al. 2011a,b; Sylla et al. 2012). How-

ever, simulated precipitation by RCMs is known to

still have biases, mainly because of physical parame-

terizations, errors in the lateral boundary conditions

(Giorgi andMearns 1999), and the two-tier approach of

specifying observed or forecasted SST as a boundary

input to the RCMs.

The one-tier approach of using coupled regional

models (e.g., Seo et al. 2007; Xie et al. 2007; Ratnam

et al. 2009) has shown better performance relative to the

conventional two-tier approach. For example, Ratnam

et al. (2012) have demonstrated that by coupling a sim-

ple mixed layer ocean model to the Advanced Research

Weather Research and Forecasting (WRF)model (ARW;

Skamarock et al. 2005) improved austral summer pre-

cipitation could be obtained over southern Africa. How-

ever, the WRF regional model in Ratnam et al. (2012)

was driven by the National Centers for Environmental

Prediction–National Center for Atmospheric Research

(NCEP–NCAR) reanalysis data. In this framework, the

downscaling skill represents the upper limit of regional

predictability with near-perfect observed boundary con-

ditions. It is of practical importance/use to examine

how much regional skill we may gain with GCM fore-

casted boundary conditions. In this study,weuse a similar

approach of one-tier downscaling, but we downscale the

seasonal forecasts of a global-coupled Scale Interaction

Experiment-Frontier Research Center for Global Change

(SINTEX-F; Luo et al. 2005) GCM. The WRF regional

model is coupled to a simple mixed layer ocean model,

the Price–Weller–Pinkel (PWP) model, based on Price

et al. (1986), with a little higher complexity than that

used in Ratnam et al. (2012). The aim of our study is

twofold: 1) to see if the WRF model with specified

SINTEX-F forecasted SST (WRFSSST) can reproduce

the climate of southern Africa during the austral sum-

mer months of DJF 2011/12 and 2) to see if the WRF

with the mixed layer ocean model (WRFPWP) could

improve on the forecasts of WRFSSST.

2. Model and methodology

In this study, WRF-ARW, version 3.3 (Skamarock

et al. 2005), is used for the dynamical downscaling of the

GCM seasonal forecast over southern Africa. A hori-

zontal resolution of 30 km covering the area 458–48S
and 0.58–608E with 23 vertical levels was chosen for the

study. The physics packages used in this study include

the Rapid Radiative Transfer Model (RRTM) for the

longwave radiation (Mlawer et al. 1997), a simple cloud-

interactive shortwave radiation scheme (Dudhia 1989),

the Kain–Fritsch cumulus parameterization scheme (Kain

2004), the Yonsei University (YSU) planetary boundary

layer scheme (Hong et al. 2006), the Noah land surface

scheme (Chen and Dudhia 2001) with 24 U.S. Geo-

logical Survey (USGS) land surface categories, and the

WRF single-moment three-class (WSM3)microphysics

scheme (Hong et al. 2004). The choice of these physics

packages is consistent with that of Cr�etat et al. (2011b)

and Ratnam et al. (2012) for the simulation of climate

of southern Africa.

For the downscaling experiment in this case study, an

ensemble of nine WRF model forecasts were generated

using the initial and boundary conditions from the

nine members of the SINTEX-F coupled global model

3-month lead forecasts. The atmospheric component

(ECHAM4.6; Roeckner et al. 1996) of SINTEX-F has

a resolution of 1.18 (T106) with 19 vertical levels. Its

oceanic component [Oc�ean Parall�elis�e (OPA) 8; Madec

et al. 1998] has a relatively coarse resolution of a 28
Mercator horizontal mesh but with an equatorial in-

tensification up to 0.58 in meridional direction with 31

levels in vertical. Heat, water, and momentum fluxes

across the air–sea interface are exchanged every 2 h

without any corrections using a standardized Ocean

Atmosphere Sea Ice Soil, version 2.0 (OASIS2), cou-

pler. The SINTEX-F has been applied to various cli-

mate studies and proved to have good performance

in simulating and predicting the tropical climate such

as ENSO and Indian Ocean dipole (IOD). As a case

study, forecasts for DJF 2011/12 with November 2011

initial conditions were considered. The nine ensem-

ble members of the SINTEX-F forecast used in this

study are generated by perturbing both the model-

coupling physics and initial conditions with different
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SST-nudging coefficients as described in Luo et al.

(2007, 2008).

As was shown in Ratnam et al. (2012), the WRF

model coupled to a simple mixed layer ocean model

improved the simulation of the austral summer pre-

cipitation over southern Africa, in contrast to simula-

tion with prescribed SSTs. The results of Ratnam et al.

(2012) were based on the model runs with the reanalysis

data as boundary conditions. In the present study, we see

if such improvements can be seen using boundary con-

ditions from the SINTEX-F coupled model forecasts.

The one-dimensional PWP mixed layer ocean model

based on Price et al. (1986) is coupled to theWRFmodel

to study the effect of air–sea interactions on the sea-

sonal forecast of the austral summer season of 2011/12

generated by the WRF model. The WRF and PWP

models are coupled to have two-way interactions be-

tween them. The PWP model is driven by surface heat

fluxes and wind stress from the WRF model, and the

sea surface temperatures simulated by the PWP are

passed back to WRF at each grid point.

Surface temperatures simulated by the PWP model

depend on the simulated mixed layer depth. In the PWP

model, the mixed layer depth is calculated based on the

vertical heat and momentum fluxes at a given point to

determine the deepening or shallowing of the mixed

layer, irrespective of horizontal or vertical advective pro-

cesses. Vertical mixing in the PWP model takes place in

such a way as to satisfy the conditions for static stability,

mixed layer stability (indicated by the bulk Richardson

number Rib), and shear flow instability (indicated by the

gradient Richardson number Rig). As surface fluxes are

provided to the PWP model at each time step, vertical

mixing occurs until all three conditions are met through-

out the profile. As the model runs, solar radiation is

absorbed and surface heat loss is removed from the

uppermost meter of the water column at each time step.

Densities are then computed and mixed to achieve

static stability. Next, wind stress is absorbed and a

value of Rib is computed and compared with the critical

value of 0.65. Entrainment of denser water from below

the mixed layer takes place as necessary to achieve static

stability. Price et al. (1986) also include the shear flow

stability requirement to account for the fact that their

observations indicate a smooth transition layer below

the mixed layer, as opposed to the sharp jump assumed

by other models, and because shear instability is likely

at levels of strong stratification. The Rig is calculated

only within this transition layer and mixing takes place

until it is above the critical value of 0.25 throughout this

region. This has the effect of smoothing out the tran-

sition from the mixed layer to the region below. In this

study, the PWP model was run on a vertical grid of 1-m

resolution with 300 vertical levels within the top 300-m

depth. The high resolution in the vertical helps to im-

prove the simulation of a diurnal cycle. The initial

vertical profiles of temperature and salinity are clima-

tological ones derived from the NCEP Global Ocean

Data Assimilation System (GODAS). Heat fluxes and

wind stress input was provided to the PWP model at

every step of the WRF model and at the same time in-

tervals the WRF model was updated with PWP model

simulated SST.

In both the experiments, with SST from either the

SINTEX-F forecast (i.e., WRFSSST) or the mixed

layer ocean model (i.e., WRFPWP), respective models

were integrated for the study period using the initial

and 6-hourly boundary conditions provided by the

SINTEX-F coupled model. The 6-hourly SST fore-

casted by SINTEX-F was used as the lower boundary

condition for the WRFSSST experiment. The models

were initialized on 1 November 2011 and integrated

until 29 February 2012.

The model forecasted precipitation during DJF

2011/12 is compared with the Tropical Rainfall Mea-

suring Mission (TRMM) estimated monthly precipita-

tion [3B43, version 7 (3B43V7); Huffman et al. 2007].

In addition, the long-term climatology and precipitation

anomalies are compared with the Climate Prediction

Center (CPC) estimated Climate Anomaly Monitoring

System (CAMS) and outgoing longwave radiation (OLR)

precipitation index (OPI) (CAMS–OPI), version 0208,

precipitation anomalies (Janowiak and Xie 1999), be-

cause of the limited time period of the TRMM esti-

mates. The SSTs during DJF 2011/12 are compared

with the National Oceanic and Atmospheric Admin-

istration (NOAA) optimum interpolation SST, ver-

sion 2 (OISST2; Reynolds et al. 2002), estimates. The

large-scale atmospheric fields simulated by the models

are compared with the European Centre for Medium-

Range Weather Forecasts (ECMWF) Interim Re-

Analysis (ERA-Interim; Dee et al. 2011) data. The land

surface temperatures forecasted by the models are

compared with the CPC NCEP Global Historical Cli-

matology Network, version 2, and the CAMS (GHCN–

CAMS) (Fan and Van den Dool 2008) estimates. The

significance of the model simulated forecasts and their

biases are calculated to validate all of the members

of the ensemble using a Student’s t test. Significance

shows the agreement between ensemble members.

The ensemble mean of the bias/anomalies is based on

the bias/anomalies estimated from each member of

the ensemble. The model bias (error) refers to model

forecasts minus observation differences and anomaly

refers to the departure from the mean throughout the

text.
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3. Results

a. SINTEX-F forecasted climatology
and DJF 2011/12 anomalies

The CAMS–OPI estimated precipitation climatol-

ogy (mean of DJF 1983/84–DJF 2006/07) (Fig. 1a), shows

a precipitation peak over Madagascar, Mozambique,

Zambia, and Angola, along the Intertropical Conver-

gence Zone (ITCZ) with a secondary peak over South

Africa. The nine-member ensemble-mean SINTEX-F

forecasted DJF precipitation climatology (mean of DJF

1983/84–DJF 2006/07) (Fig. 1b) shows a south- and

eastward shift in precipitation peak over southern Africa

relative to the CAMS–OPI estimated precipitation. The

maxima in the SINTEX-F forecasted precipitation cli-

matology are seen over Mozambique, Zimbabwe, and

Zambia. Also, the precipitation over South Africa is of

higher intensity than the CAMS–OPI estimated pre-

cipitation. During DJF 2011/12, the observed anomalies

show that, except for parts over Angola, Namibia, and

Mozambique, most parts of southern Africa received

less than normal precipitation (Fig. 1c). The spatial

distribution of the ensemble mean of the SINTEX-F

forecasted anomalies for DJF 2011/12, however, shows

significant precipitation anomalies only over parts of

South Africa, Zimbabwe, and Botswana (Fig. 1d). The

2-m air temperature anomaly estimated from ERA-

Interim (with respect to ERA-Interim 2-m air temperature

FIG. 1. (a) The CAMS–OPI estimated DJF precipitation climatology (mmday21; mean of DJF 1983/84–DJF

2005/06). (b) SINTEX-F forecasted precipitation DJF climatology (mmday21) based on DJF 1983/84–DJF 2005/06.

(c) CAMS–OPI estimated DJF 2011/12 precipitation anomalies (mmday21). (d) Significant (at 90% using a Student’s

t test) SINTEX-F model nine-member mean forecasted precipitation anomalies. (e) ERA-Interim estimated 2-m air

temperature anomalies during DJF 2011/12. (f) As in (d), but for the significant SINTEX-F model forecasted 2-m air

temperature anomalies.
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climatology;DJF1983/84–DJF2006/07) duringDJF2011/12

(Fig. 1e) shows negative anomalies over most parts of

southern Africa, with the exception of Zimbabwe and

part of South Africa and Mozambique. The SINTEX-F

forecasted significant 2-m air temperature anomalies

for DJF 2011/12 (Fig. 1f) show positive values over

Zimbabwe, though higher in magnitude.

b. Spatial distribution of forecasted precipitation
and skill

Spatial distribution of the TRMM estimated pre-

cipitation during DJF 2011/12 (Fig. 2a) shows high

precipitation (.6mmday21) to be confined to Angola,

Zambia, Mozambique, and Madagascar with moderate

precipitation (3–6mmday21) over Lesotho and eastern

parts of South Africa. A high precipitation region is also

evident along the South Indian Ocean convergence zone

(Cook 2000, 2001) extending from the tropical to sub-

tropical latitudes through South Africa (Fig. 2a). How-

ever, the rainband linking the tropical precipitation with

subtropical precipitation is weak (Fig. 2a) during DJF

2011/12. The ensemble-mean SINTEX-F forecasted pre-

cipitation during DJF 2011/12 (Fig. 2b), similar to its cli-

matological precipitation (Fig. 1b), shows significant

FIG. 2. (a) The TRMM 3B43V7 estimated precipitation during DJF 2011/12 (mmday21). (b) SINTEX-F forecasted ensemble-mean

significant precipitation (mmday21) for DJF 2011/12. (c) WRFSSST forecasted ensemble-mean significant precipitation (mmday21) and

(d) WRFPWP forecasted ensemble-mean significant precipitation (mmday21) during DJF 2011/12. (e) Std dev of SINTEX-F forecasted

DJF 2011/12 precipitationwith respect to its ensemblemean. (f) As in (e), but for theWRFSSST forecasted precipitation. (g)As in (e), but

for the WRFPWP forecasted precipitation. Precipitation in (b)–(d) is significant at 90% using a Student’s t test.
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high precipitation throughout southern Africa with peaks

in precipitation (.8mmday21) over parts of Mozam-

bique, Zimbabwe, and South Africa. The SINTEX-F fore-

cast also shows high precipitation over the South Indian

Ocean to the east of the southern Africa landmass.

The ensemble mean of the WRF model, driven by

the SINTEX-F atmospheric boundary conditions and

SINTEX-F forecasted SST (WRFSSST) (Fig. 2c), fore-

casts higher precipitation over the entire southern Africa

similar to SINTEX-F forecasts. Interestingly, the en-

semble mean of the WRF model coupled to the PWP

mixed layer ocean model (Fig. 2d) shows noticeable

improvement in the forecasted precipitation over parts

of Mozambique, Zimbabwe, and Botswana relative to

the WRFSSST forecast (Fig. 2c), though the precipi-

tation is higher over the tropical South Indian Ocean

than in both the WRFSSST forecast and TRMM esti-

mates. The standard deviation of the SINTEX-F fore-

casted precipitation during DJF 2011/12 with respect

to its ensemble mean (Fig. 2e) shows values between

1 and 2mmday21 over the southern Africa landmass.

The standard deviation of the forecasted precipitation

within the WRFSSST members (Fig. 2f) is higher than

SINTEX-F, with values between 2 and 3mmday21

over tropical regions of southern Africa and with values

from 5 to 6mmday21 over parts of Mozambique. The

WRFPWP members (Fig. 2g) show smaller standard de-

viations in the forecasted precipitation than WRFSSST

members, showing that coupling to a simple mixed layer

ocean model increases the forecast accuracy relative to

forecasts with SST specified to the WRF model.

To get an estimate of the precipitation bias, the spa-

tial distribution of the biases in the precipitation fore-

cast is shown in Fig. 3. The ensemble-mean SINTEX-F

biases in the forecasted precipitation with respect to

TRMM estimates (Fig. 3a) shows significant negative

biases of more than 3mmday21 over Angola and Zambia,

the regions of high precipitation during DJF 2011/12,

and significant positive biases of more than 3mmday21

occur over most of the other regions of southern Africa.

The ensemble-mean WRFSSST forecast (Fig. 3b) shows

significant positive biases of more than 3mmday21 over

most parts of southern Africa, except for some parts

over Angola and Namibia, with respect to the TRMM

estimates. The WRFPWP forecasted (Fig. 3c) ensemble-

mean bias shows improvement in the forecasted precipi-

tation over Mozambique, Angola, and parts of Zambia

and Zimbabwe relative to the biases in the precipita-

tion forecasted by WRFSSST. However, the WRFPWP

forecast also shows a significant positive bias of greater

than 3 mm day21 for parts of Zambia, Angola, and

Mozambique. The precipitation bias in the WRFPWP

forecasts over the tropical South Indian Ocean is higher

than that of WRFSSST. The region of negative biases in

precipitation in the WRFPWP forecast (Fig. 3c) over the

southern Africa landmass is similar to the region fore-

casted by WRFSSST (Fig. 3b). Comparing the precipi-

tation forecasted by WRFPWP with the precipitation

forecasted by WRFSSST (Fig. 3d), it becomes evident

that the WRF model coupled to the PWP mixed layer

oceanmodel reduces the positive bias overMozambique,

Zimbabwe, and parts of Zambia and South Africa

along the region of the ITCZ, though there is a sub-

stantial increase in precipitation over the South Indian

Ocean to the east of Madagascar and over the tropical

regions (Fig. 3d). The reduction of biases over the

southern Africa landmass in the WRFPWP forecast

further confirms the finding of Ratnam et al. (2012) that

the inclusion of air–sea interaction in neighboring oceans

could improve the spatial distribution of the precipitation

over southern Africa.

Because of the uncertainties present in the observa-

tions over southernAfrica (Sylla et al. 2013; Nikulin et al.

2012), the WRF model forecasts are also compared

with precipitation estimates from the CPC Famine Early

Warning System Network (FEWS NET) Africa Rainfall

Estimation Algorithm, version 2 (RFEv2) (Figs. 3e,f).

Precipitation biases of WRFSSST and WRFPWP fore-

casts show large differences over Angola and Namibia

with respect to TRMMandCPCFEWSNETRFEv2. The

negative bias over Angola and Namibia with respect to

CPC RFEv2 (Figs. 3e,f) is smaller in magnitude than

TRMM (Figs. 3b,c) estimates over the region. The im-

provement in the precipitation biases over Mozambique,

Zimbabwe, and parts of Zambia and SouthAfrica seen in

the WRFPWP forecast (Fig. 3c) is also seen in the biases

with respect to CPC RFEv2, showing the robustness of

the improvement over those regions from coupling.

To get a quantitative estimate of the improvements

in the WRF forecasts coupled to a simple mixed layer

ocean model, spatial correlation (SC), root-mean-square

error (RMSE), and bias-adjusted equitable threat score

(Mesinger 2008) over the southern Africa landmass

(318–78S, 118–418E), with masking out precipitation over

the oceans andMadagascar, are calculated with respect

to the TRMM estimates for all the members of the

ensemble and are presented in Fig. 4. All the members

of the SINTEX-F forecast have a lower spatial corre-

lation relative to WRFSSST and WRFPWP (Fig. 4).

From Fig. 4, it is clearly seen that most members of the

WRFPWP ensemble show a higher spatial correlation

of DJF 2011/12 precipitation forecasted with the TRMM

estimates relative to the WRFSSST (Fig. 4) precipitation

forecast. The ensemble mean of the WRFPWP fore-

cast (0.81) also has higher correlation with TRMM esti-

mates relative to the SINTEX-F (0.47) and WRFSSST
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(0.722) forecasts. All the members and the ensemble

mean of the WRFPWP ensemble have a lower root-

mean-square error than the WRFSSST members (Fig. 4).

The ensemble-mean WRFPWP precipitation forecast

(2.57) also has a smaller root-mean-square error than

the WRFSSST forecast (3.34). The higher values of pat-

tern correlation and lower values of root-mean-square

error of WRFPWP forecasts clearly show the improve-

ment in the WRF precipitation forecasts over southern

Africa because of coupling to a simple mixed layer ocean

model.

To further estimate the improvements in the WRF

forecast skill because of coupling, we calculate the bias-

adjusted equitable threat score (ETS) for all the mem-

bers of the ensemble and the ensemble mean. Equitable

threat score, as defined by Mesinger and Black (1992),

is (H2FO/N)/(F1O2H2FO/N), where FO/N is the

number of points of random hits, N is the number of

points in the verification domain, F is the number of

points of predicted precipitation above a certain thresh-

old, O is the number of points with observed precipi-

tation above the threshold, and H is the number of hits.

FIG. 3. (a) The ensemble-mean bias in the SINTEX-F forecasted precipitation (mmday21) with respect to TRMM

estimates duringDJF 2011/12. (b)As in (a), but for the bias in theWRFSSST forecast. (c) As in (a), but for the bias in

the WRFPWP forecast. (d) Ensemble-mean difference between WRFPWP and WRFSST forecasted precipitation

(mmday21) during DJF 2011/12. (e) Ensemble-mean bias in the WRFSSST forecasted precipitation (mmday21)

with respect to CPC RFEv2 during DJF 2011/12. (f) As in (e), but for the mean bias in the WRFPWP forecasted

precipitation (mmday21). Precipitation biases/differences are significant at 90% using a Student’s t test.
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The above formulation of equitable threat score was

found to be strongly affected by bias F/O, with a higher

bias giving higher scores. Bias-adjusted formulation of

the above equation as defined in Mesinger (2008) re-

places H with:

Ha5O2

�
F2H

ln[O/(O2H)]

�
W

��
O

F2H

�
ln

�
O

O2H

��
,

whereHa is the adjustedH [Eq. (11) of Mesinger (2008)],

F with O are from the ETS formulation, and W is the

Lambert W function. The mean monthly precipitation

forecasts of SINTEX-F, WRFSSST, and WRFPWP are

considered in the calculation of ETS forDJF 2011/12. The

ETS was calculated for threshold precipitation values of 2,

4, 6, 8, 10, 15, and 20mmday21. The ensemble means of

both WRFSST and WRFPWP forecasts show higher

values of ETS than SINTEX-F forecasts (Fig. 4). The

ETS score of the WRFPWP ensemble-mean forecast

shows higher values up to a 10mmday21 threshold (Fig. 4)

than the WRFSSST ensemble-mean forecast. Most of

the members of the WRFPWP ensemble show higher

scores relative to WRFSSST and SINTEX-F (Fig. 4),

showing that the coupling of WRF to a simple mixed

layer ocean model improved the forecasts of DJF 2011/12

over southern Africa.

c. Vertically integrated moisture flux

The analysis of the biases in precipitation forecasted

by the different model configurations relative to the

TRMM estimated precipitation shows that SINTEX-F

and theWRFSSSTmodel have significant positive biases

over the southern Africa landmass. In contrast, the

FIG. 4. The SC, RMSE, and bias-adjusted ETS of SINTEX-F, WRFSSST, and WRFPWP forecasts over the southern Africa landmass

(318–78S, 118–418E) for DJF 2011/12 with respect to TRMM estimates.
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WRFPWP model shows a reduction in the biases in the

forecast relative to WRFSSST along the ITCZ.

To understand the causes of model biases in the spatial

distribution of precipitation in the model forecasts, we

analyzed the vertically integrated (from 1000 to 300hPa)

moisture fluxes and their divergence during DJF 2011/12.

The ERA-Interim estimated moisture fluxes (Fig. 5a)

show the moisture being transported into southern

Africa during DJF 2011/12 from the southwestern Indian

Ocean, along the ITCZ. The moisture is also transported

FIG. 5. (a) TheERA-Interim estimated vertically integratedmoisture flux [vector; reference vector provided below

panel (b)] and its divergence (1025 s21; shaded) during DJF 2011/12. (b) Ensemble-mean SINTEX-F forecasted

vertically integratedmoisture flux (kgm21 s21; vector) and divergence (1025 s21; shaded) duringDJF 2011/12. (c) As

in (b), but for the forecast by WRFSSST. (d) As in (b), but for the forecast by WRFPWP. (e) As in (b), but for the

WRFSSST bias with respect to ERA-Interim. (f) As in (e), but for the WRFPWP bias. The moisture flux and

divergence in (b)–(f) are significant at 90% using a Student’s t test.
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from the southeastern tropical Atlantic Ocean (Reason

et al. 2006; Vigaud et al. 2007; Morioka et al. 2011) along

the Angola low (Cook et al. 2004; Reason and Jagadeesha

2005), as seen over the Angola region (Fig. 5a). During

DJF 2011/12, South Africa was mostly affected by the

moisture fluxes from the southeastern subtropical At-

lantic Ocean. However, over the northern part of South

Africa the moisture fluxes from the southeastern sub-

tropical Atlantic Ocean along with the fluxes from the

southwestern Indian Ocean form an anticyclonic flow

(Fig. 5a). The regions of vertically integrated moisture

convergence are seen over Angola, Zambia, and north-

ern Mozambique (Fig. 5a). These are also the regions

of high precipitation (Fig. 2a) during DJF 2011/12. The

regions of convergence are also seen over parts of South

Africa, Botswana, and Namibia. The transport of mois-

ture into southern Africa from the southwestern South

Indian Ocean creates a region of moisture divergence

over parts of Mozambique and over the oceanic re-

gions to the east of southern Mozambique (Fig. 5a).

The ensemble-mean SINTEX-F forecasted integrated

moisture flux (Fig. 5b) shows significant enhanced mois-

ture fluxes from the tropical regions into southern Africa,

creating regions of moisture convergence over the re-

gions of enhanced precipitation (Fig. 2b). TheWRFSSST

forecast (Fig. 5c), driven by the SINTEX-F forecasted

boundaries, enhances the fluxes from both the tropical

regions and from the southwestern Indian Ocean into

the southern Africa landmass, creating a region of in-

creased precipitation (Fig. 2c). The WRFPWP fore-

casted ensemble mean (Fig. 5d) shows larger transport of

moisture into the tropical South Indian Ocean and also

into the southern Africa landmass relative to WRFSSST

forecast. The enhanced moisture flux into southern

Africa along the ITCZ creates a region of enhanced

precipitation over Zambia (Fig. 2d) in the WRFPWP

forecast. However, both the WRFPWP and WRFSSST

forecasts have stronger convergence of moisture fluxes

over the southern Africa landmass relative to the ERA-

Interim estimates, in agreement with the positive biases

in precipitation over the landmass in both forecasts.

Figure 5e shows a significant bias in the WRFSSST

integrated moisture flux and its divergence. From the

figure, it can be seen that enhanced moisture flux from

the tropical regions is directed into Mozambique, South

Africa, and Zimbabwe. This results in a positive bias in

moisture convergence and precipitation (Fig. 3b). The

bias in the WRFPWP moisture forecast (Fig. 5f) shows

enhanced tropical moisture flux being directed toward

Madagascar. The moisture flux from the southwestern

Indian Ocean into the southern Africa landmass is

slightly enhanced and is seen increasing the moisture

convergence over the central Mozambique region. The

moisture flux biases in the WRF model coupled to a

simple mixed layer ocean model forecast are less, rel-

ative to the moisture flux biases in the WRFSSST fore-

cast, resulting in an improved spatial distribution of

precipitation over southern Africa.

d. Sea surface temperature and surface air
temperature over land

The SST estimated by OISST2 during DJF 2011/12

(Fig. 6a) shows a region of high temperature (.288C)
over the tropical South Indian Ocean. The SST across

the east coast of southern Africa during DJF 2011/12

varies from about 228 to 288C from the tropics to the

subtropics. The west coast of southern Africa is cooler

at about 188C. The SINTEX-F forecasted SST (Fig. 6b),

which was used as a lower boundary in the WRFSSST

forecast, shows significant warm temperature biases of

more than 0.58C over theMozambique Channel and along

the east coast of southern Africa with a maximum bias

of 28C over the Agulhas region (Fig. 6b). Significant

negative biases are seen over the rest of the South In-

dian Ocean with up to a 28C cool bias in the tropical

South Indian Ocean (Fig. 6b). Most regions of the South

Atlantic show positive biases, except to the west of the

SouthAfrican coast (Fig. 6b). Interestingly, the ensemble

mean of the PWP mixed layer ocean model simulated

SST (Fig. 6c) has less of a bias in the tropical Indian

Ocean and along the east coast of southern Africa than

the SINTEX-F forecasted SST. The PWP model sim-

ulated SST shows a slight negative bias of about 0.58–
18C along the east coast of South Africa. South Atlantic

SSTs have biases of about 28C in the WRFPWP fore-

cast (Fig. 6c), similar to the SINTEX-F forecasted SST.

The biases in the SST used in the WRFSSST experiment

(Fig. 6b) explain the biases in the forecasted precipitation

(Fig. 3b) over the oceanic region. The region of negative

bias in SST in the tropical South Indian Ocean region

(Fig. 6b) corresponds to the region of negative precipi-

tation bias (Fig. 3b), and the region of high SST bias

along the east coast of southern Africa (Fig. 6b) enhances

the moisture and hence the positive precipitation bias

over the ocean along the coast of southern Africa (Fig.

3b). The PWP model, which forecasted higher SST over

parts of the Mozambique Channel and over regions

around Madagascar, results in a higher precipitation

bias (Fig. 3c). However, a slight negative bias in SST of

about 0.258–0.58C along the coast of southern Africa

results in decreasing biases in precipitation relative to

WRFSSST forecasts. Warmer SST biases in the South

Atlantic result in positive biases in precipitation in both

the WRFSSST and WRFPWP forecasts.

The surface temperature over land estimated byGHCN–

CAMS shows temperatures above 278C over the southern
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parts of Namibia and parts of South Africa and

Botswana (Fig. 6d) during DJF 2011/12. The high tem-

perature region across southern Africa corresponds to

the region of low precipitation. Over the tropical

southern Africa where high precipitation was observed

during DJF 2011/12 (Fig. 2a), the surface temperatures

are around 198–228C. The ensemble mean of SINTEX-F

forecasted surface temperature (figure not shown) shows

a significant warm bias of more than 28C over western

parts of southern Africa corresponding to the region

of negative precipitation bias (Fig. 3b) forecasted by

SINTEX-F. The air temperature bias in the SINTEX-F

forecast has maxima over Angola with temperature

biases greater than 48C. The bias in the WRFSSST

FIG. 6. (a) The OISST2 estimated SST (8C) for DJF 2011/12. (b) Ensemble-mean bias in SST specified to WRF in the WRFSSST

experiment (significant at 90% using a Student’s t test). (c) Significant (at 90% using a Student’s t test) bias in SST forecasted by

WRFPWP. (d) GHCN–CAMS estimated land surface temperature for DJF 2011/12 (8C). (e) Ensemble-mean bias in land surface tem-

perature forecast of WRFSSST (8C). (f) As in (e), but for the forecast of WRFPWP. (g) ERA-Interim estimated mean sea level pressure

(hPa; shaded) and 10-m wind (m s21; vectors, reference vector provided below panel) for DJF 2011/12. (h) Ensemble mean of WRFSSST

forecasted sea level pressure (hPa; shaded) and 10-m winds (m s21; vectors, reference vector provided below panel). (i) As in (h), but for

the sea level pressure forecasted by WRFPWP.
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ensemble-mean surface temperature forecast is posi-

tive over most parts of southern Africa (Fig. 6c), with

biases of greater than 18C and more than 48C over re-

gions of Angola, Namibia, and Botswana. The ensem-

ble mean of WRFPWP on the other hand shows a large

positive significant bias greater than 28C over southern

Africa (Fig. 6d).

To understand how the SST biases, which are pre-

scribed in WRFSSST and forecasted in WRFPWP, would

have affected the spatial distribution of the precipi-

tation over the southern Africa landmass in the WRF

forecasts, we plot significant ensemble-mean sea level

pressure biases in the WRFSSST and WRFPWP fore-

casts with respect to ERA-Interim estimates. Sea level

pressure biases are superimposed by significant 10-m

winds biases also estimated from ERA-Interim data

(Figs. 6h,i). During DJF 2011/12, sea level pressure

(Fig. 6g) over southern Africa was between 1010 and

1012 hPa, with sea level pressures less than 1010 hPa

over the tropical southwestern Indian Ocean. The 10-m

winds (Fig. 6g) clearly show the South Atlantic and

South Indian Oceans’ subtropical high and southeast-

erly 10-m winds from the subtropical South Indian Ocean

high are seen blowing into the southern Africa landmass

(Fig. 6g). The sea level pressure biases over the southern

Africa landmass (Figs. 6h,i) are negative, in agreement

with the high land surface temperatures forecasted by

both WRFSSST and WRFPWP. The warm bias in the

SST forecast of SINTEX-F in the Mozambique Channel

and cool temperatures over the tropical South Indian

Ocean result in a positive equatorward pressure gra-

dient bias with lower pressures over Mozambique Chan-

nel relative to the tropical regions (Fig. 6h). This leads

to northerly winds from tropics into the Mozambique

Channel (Fig. 6h). These moist winds, caused by the

pressure gradient between the ocean and the southern

Africa landmass, enter Mozambique and increase the

precipitation there. Moisture enteringMozambique from

the tropical region can also be seen in the integrated

moisture flux biases in the WRFSSST forecast (Fig. 5e).

The gradient in the SINTEX-F forecasted temperature

between the SSTs to the south of Madagascar and the

coastal regions (Fig. 6b) results in a pressure gradient

favoring southeasterly winds into the southern Africa

landmass (Fig. 6h). Because of warm SST near the coast,

these winds carry moisture into the southern Africa land-

mass and increase precipitation.

The SSTs forecasted by the PWP model are warmer

in the Mozambique Channel and most of the areas to

the east of Madagascar with slight negative tempera-

tures to the northeast ofMadagascar (Fig. 6c). Themean

sea level pressure bias, in agreement with the bias in

the forecasted SST, shows a pressure gradient favoring

winds poleward from the tropical regions in the South

Indian Ocean. The temperature gradient between the

forecasted SSTs to the south of Madagascar and the

Mozambique Channel result in 10-m winds from the sub-

tropical region into the southern Africa landmass. The

large temperature gradient between these two results

in stronger winds blowing into the southern Africa

landmass.

The above analysis shows that the errors in the SST

forecasted by SINTEX-F, which was specified to the

WRF model in the WRFSSST experiment, resulted in

more moisture being transported into southern Africa

from the South Indian Ocean (Fig. 5e) and the tropical

regions. This resulted in an increase in precipitation

biases over Mozambique, Zimbabwe, and South Africa

in the WRFSSST forecast. The SST forecasted by the

WRFPWP model, a result of an adjustment of biases

between the WRF and PWP models, results in an SST

distribution favoring a realistic distribution of moisture

flux and hence precipitation over the southern Africa

landmass over Mozambique, Zimbabwe, Botswana, and

parts of Zambia.

e. Surface heat fluxes

To better understand the biases in surface tempera-

ture forecasted by WRFSSST and WRFPWP, we plot

the surface downward net heat fluxes as forecasted by

the experiments. The ERA-Interim estimated down-

ward net surface heat flux (Fig. 7a) shows negative

values (about 25Wm22) over Angola, Zambia, north-

ern Mozambique, and Madagascar, corresponding to

high precipitation over the region (Fig. 2a), and the

net surface heat flux is around 5Wm22 over the rest of

southern Africa. The SINTEX-F forecasted significant

ensemble-mean net downward surface heat flux (Fig. 7b)

is positive over the southern Africa landmass with

values of around 5Wm22 over the regions of high pre-

cipitation (Fig. 2b), showing biases in the forecasted net

surface heat flux. The WRFSSST forecasted ensemble-

mean significant net downward surface heat flux (Fig. 7c)

shows a positive flux higher than 10Wm22 over the whole

of the southern Africa landmass and over 100Wm22

over the South Indian Ocean. The WRFPWP experi-

ment (Fig. 7d) forecasted significant ensemble-mean net

downward surface heat fluxes are higher than 30Wm22

over Mozambique, Zimbabwe, Botswana, and parts

of South Africa and around 10–30Wm22 over Angola,

Zambia, and western South Africa. However, the

WRFPWP forecasted net downward surface fluxes are

comparable with the ERA-Interim estimates over the

South Indian Ocean. To analyze the causes of the biases

in the net heat flux forecast, the biases in the components

of the surface net heat flux are plotted in Fig. 8.
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The ERA-Interim estimated surface fluxes are shown

in Figs. 8a–d. ERA-Interim estimated upward surface

latent heat flux (Fig. 8a) shows large values of around

100–120Wm22 over Angola, Mozambique, and Zambia,

the region of high precipitation during DJF 2011/12

(Fig. 2a). In agreement with the positive precipitation

bias over Zambia, Mozambique, Zimbabwe, and South

Africa (Fig. 3b), ensemble-meanWRFSSST forecasted

higher significant upward surface latent heat flux (Fig. 8e)

over those regions, though significant only over Zambia,

Mozambique, and South Africa. The regions of nega-

tive and positive upward surface latent heat flux biases

in theWRFPWP forecast (Fig. 8i) correspond well with

the biases in the precipitation forecasted by the model

(Fig. 3c), with negative upward surface latent heat biases

over Mozambique, Zimbabwe, Botswana, and Namibia.

The upward surface latent heat flux shows higher bias

over the tropical South Indian Ocean in the WRFPWP

forecast relative to WRFSSST forecast because of a posi-

tive bias in precipitation over the region. Because of the

two-tier specification of SST in the WRFSSST, large

positive SST to the east of South Africa result in a bias

of more than 100Wm22 (Fig. 8e) caused by a positive

precipitation bias over the region (Fig. 3b). The ERA-

Interim estimated net downward surface shortwave

radiation flux during DJF 2011/12 shows lower values

over the tropical southern Africa landmass (Fig. 8b),

corresponding to the high precipitation over the re-

gion (Fig. 2a). Cloudiness (figure not shown) caused

by high precipitation reduces the downward radiation

over the tropical southern Africa landmass and hence the

net downward surface solar radiation. Both WRFSSST

(Fig. 8f) and WRFPWP (Fig. 8j) show biases of more

than 40Wm22 in the net downward surface shortwave

radiation over the tropical southern Africa landmass,

even though the precipitation distribution shows posi-

tive bias in those regions (Figs. 3b,c). The biases in the

WRFSSST and WRFPWP downward net surface solar

radiation may be caused by an underestimation of cloud

cover by the WRF model. Because of the underestimation

FIG. 7. (a) The ERA-Interim estimated surface net heat flux during DJF 2011/12 (Wm22). (b) SINTEX-F fore-

casted surface net heat flux (Wm22) for DJF 2011/12. (c) As in (b), but for the surface net heat flux forecasted by

WRFSSST. (d) As in (b), but for the surface net heat flux forecasted byWRFPWP. Surface net heat flux in (b)–(d) is

significant at 90% using a Student’s t test.
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FIG. 8. The ERA-Interim estimated surface (a) upward latent heat flux, (b) downward net shortwave radiation flux, (c) upward

longwave radiation flux, and (d) upward sensible heat flux during DJF 2011/12 (Wm22). Biases in the WRFSSST forecasted surface

(e) latent heat flux, (f) downward net shortwave radiation flux, (g) upward longwave radiation flux, and (h) upward sensible heat flux

(Wm22). Biases in the WRFPWP forecasted surface (i) upward latent heat flux, ( j) downward net shortwave radiation flux, (k) upward

net longwave radiation, and (l) upward sensible heat flux. Biases in the fluxes are significant at 90% using a Student’s t test.
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of precipitation over the tropical South Indian Ocean by

WRFSSST, the net downward solar radiation shows

a large positive bias of above 80Wm22 (Fig. 8f). The

WRFPWP also shows a positive bias over the tropi-

cal South Indian Ocean (about 60–80Wm22), though

smaller than the WRFSSST forecast. The net upward

surface longwave radiation shows values less than

60Wm22 over tropical southern Africa and over the

South Indian Ocean in the ERA-Interim estimates

(Fig. 8c). Both the WRFSSST (Fig. 8g) andWRFPWP

(Fig. 8k) underestimate the upward net surface long-

wave radiation over most parts of southern Africa,

except over parts of Namibia, Botswana, and Angola.

The upward net surface longwave radiation is under-

estimated by about 5–10Wm22 over the South Indian

Ocean by both theWRFSSST andWRFPWP forecasts.

The ERA-Interim estimated upward surface sensible

heat flux during DJF 2011/12 is around 20–40Wm22

over tropical southern Africa and with maximum values

of 20Wm22 over the South Indian Ocean (Fig. 8d).

The biases in the upward surface sensible heat in the

WRFPWP forecast (Fig. 8l) over the southern Africa

landmass are higher than those in the WRFSSST fore-

cast (Fig. 8h). The WRFSSST forecasted upward sur-

face sensible heat flux is underestimated by 5–10Wm22

over the tropical South Indian Ocean. However, the

WRFPWP forecasted upward surface sensible heat flux

is overestimated by about 5Wm22 over the South Indian

Ocean, except equatorward of northern Madagascar

(Fig. 8l).

The underestimation of the surface upward latent

heat flux over the southern Africa landmass roughly

equals the overestimation of the upward sensible heat

flux in both the WRFSSST and WRFPWP forecasts

(Fig. 8). The underestimation of the upward surface

longwave radiation is small relative to positive biases in

the downward net surface radiation over the southern

Africa landmass, showing that the biases caused by the

net shortwave radiation, probably because of the un-

derestimation of cloud cover, dominate in the calcula-

tion of the total net surface heat flux. The positive biases

in the net surface shortwave radiation over the land-

mass lead to high surface temperatures seen over the

southern Africa landmass in forecasts. Over the South

Indian Ocean, the biases in the upward surface sensible

heat flux roughly equal the upward net surface long-

wave radiation biases and are of opposite sign and

cancel in the calculation of the net surface heat flux in

both the WRFSSST and WRFPWP forecasts. The net

surface downward shortwave radiation biases in the

WRFSSST forecast are higher than the biases in the

WRFPWP forecast over the tropical South Indian Ocean

mainly because of the lack of air–sea interactions in

WRFSSST. The cool bias over the tropical South Indian

Ocean in the SST specified to WRFSSST (Fig. 6b) leads

to suppression of precipitation (Fig. 3b) and hence the

suppression of latent heat flux (Fig. 8e). The suppression

of precipitation leads to increase in the net downward

solar radiation (Fig. 8f) over the region because of less

cloudiness over the region. However, in WRFPWP, the

PWP model simulates SST based on the net surface heat

fluxes. A larger value of net downward surface radiation

results in warmer SST in the PWP model and this in turn

increases precipitation and hence increased surface la-

tent heat fluxes over the region. The feedback between

the atmosphere and ocean results in an adjustment of

the fluxes creating a balance between the fluxes. This

adjustment in the fluxes is clearly seen in the upward

surface latent heat bias (Fig. 8i) and the net surface

downward shortwave flux bias (Fig. 8j) of theWRFPWP

forecast over the South Indian Ocean. The increase in

precipitation and the latent heat flux caused by the

feedback between the WRF and PWP models results in

the creation of an area of low pressure over the tropical

South IndianOcean (Fig. 5i) and the low-level winds are

seen flowing away from southern Africa.

f. Anomalies forecasted by WRF

As seen from the above analysis, the WRF model

forecasted high precipitation and surface temperature

over the southern Africa landmass during DJF 2011/12

using SINTEX-F data as boundary conditions. Such

biases were also reported in the WRF simulations over

a longer period using the reanalysis data (Ratnam et al.

2012), indicating that comparing the forecasts of WRF

with respect to its own climate may give a better forecast

as is done in most of the general circulation model stud-

ies. However, because of the lack of long-term 6-hourly

SINTEX-F forecasts an unconventional method is used

to generate the mean forecasted climatology of WRF.

For generation of the mean forecasted climatology of

WRF, we specified the daily-mean long-term climato-

logical SST forecasted by each member from SINTEX-F

to WRF and generated an ensemble of WRF forecasts

(nine members in total). The daily forecasted SST of

SINTEX-F was linearly interpolated to 6 hourly and

given as a lower boundary forcing to the WRF model.

The SINTEX-F forecast for DJF 2011/12 was used as

the initial and lateral boundary condition for these runs.

The anomalies for DJF 2011/12 were generated by sub-

tracting each member of the WRF forecasts for DJF

2011/12 from the corresponding member of the WRF

with climatological SINTEX-F SST.

The precipitation anomalies forecasted by the

WRFSSST with this method (Fig. 9a) are positive

over parts of Namibia and Angola and significantly
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comparable with the CAMS–OPI estimated precipi-

tation anomalies (Fig. 1c) for DJF 2011/12. However,

the WRFSSST forecasted precipitation shows anoma-

lies over South Africa and Zambia to be opposite in

phase to the CAMS–OPI estimated anomalies. Interest-

ingly, the WRFPWP forecast (Fig. 9b) for DJF 2011/12

shows negative precipitation anomalies over south-

ern Africa and parts of Mozambique, Zimbabwe, and

Zambia, similar to the CAMS–OPI estimated precipi-

tation anomalies. The 2-m air temperature anomalies

over land forecasted by WRFSSST (Fig. 9c) for DJF

2011/12 are negative over parts of Namibia, Angola, and

Zambia similar to the ERA-Interim estimated anom-

alies for DJF 2011/12. However, the WRFSST fore-

casted 2-m air temperature anomalies are opposite in

phase to that observed over Mozambique. Over the

oceanic regions, the 2-m air temperature anomalies are

negative over the Mozambique Channel and near the

coast of Mozambique in the WRFSSST simulation

(Fig. 6c) similar to the ERA-Interim estimated 2-m air

temperatures over the same region. The WRFPWP fore-

casted 2-m air temperature (Fig. 9d) anomalies show

high 2-m temperature anomalies (.1.5) over most parts

of southern Africa that are larger than the ERA-Interim

estimated 2-m temperatures.

Comparing the WRFSSST and WRFPWP forecasted

precipitation in view of the WRF model climatology,

the regional downscaling adds value to the SINTEX-F

forecasts. For example, the WRFPWP forecasted pre-

cipitation anomalies show significant improvements,

particularly for the negative anomalies over southern

Africa during DJF 2011/12 relative to the SINTEX-F

forecasted precipitation anomalies (Fig. 1d). The sur-

face temperatures (i.e., 2-m air temperatures) are gen-

erated in the WRF model using a land surface model,

which is sensitive to the type of land-use category (Pohl

et al. 2011). Hence, more experiments are needed to test

the sensitivity of the land surface temperature forecast/

simulations in the WRF model to various land surface

schemes and also to different land-use categories used in

the WRF model.

4. Conclusions

The 3-month lead forecasts of the SINTEX-F coupled

general circulation model for DJF 2011/12 was down-

scaled using the two-tier approach by specifying the

SINTEX-F forecasted SST as the lower boundary (the

WRFSSST experiment). In addition to this, a one-tier

approach of downscaling is also employed by coupl-

ing the WRF to a PWP mixed layer ocean model (the

WRFPWP experiment). The WRFSST precipitation fore-

casts show enhancement of precipitation over most

parts of southern Africa relative to the SINTEX-F

FIG. 9. (a) TheWRFSSST forecasted precipitation (mmday21) significant anomalies duringDJF 2011/12. (b)As in

(a), but for the precipitation forecasted byWRFPWP. (c) WRFSSST forecasted significant 2-m air temperature (8C)
anomalies. (d) As in (c), but for the air temperature forecasted by WRFPWP. The anomalies are significant at 90%

using a Student’s t test.
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forecasted precipitation, thus increasing the positive

biases in the precipitation forecast. The WRFPWP fore-

cast on the other hand shows a realistic distribution

of precipitation during DJF 2011/12. A comparison of

the WRFPWP precipitation forecasts with those of

SINTEX-F shows a reduction in precipitation biases,

thus adding value to the SINTEX-F forecast. The pre-

cipitation biases are seen to be related to biases in the

vertically integrated moisture fluxes generated by the

models. The vertically integrated moisture flux simu-

lated by SINTEX-F shows a region of significant con-

vergence bias corresponding to the regions of high

positive precipitation bias over southern Africa during

DJF 2011/12. The WRFSSST driven by the SINTEX-F

boundaries enhanced the vertically integrated moisture

fluxes and created a high positive precipitation region

over southern Africa. The WRFPWP, in which air–sea

interactions take place because of the exchange of

fluxes between the WRF and PWP models, improved

the vertically integrated moisture fluxes forecasted rela-

tive to the SINTEX-F and WRFSSST.

The SST forecasted by the PWP model for DJF

2011/12 showed less bias over the South Indian Ocean

relative to SINTEX-F, suggesting that the improve-

ments seen in theWRFPWP relative to theWRFSSST

was because of the consideration of the air–sea in-

teractions in the WRFPWPmodel. This is brought out

clearly when analyzing the surface heat fluxes. How-

ever, the biases in surface temperature over the south-

ern Africa landmass forecasted by both the WRFSSST

and WRFPWP are quite high because of biases in the

surface fluxes. Further experiments, by using different

land surface models, are required to improve the 2-m

temperature forecasts over southern Africa.

The results of this study suggest that the downscaling

of the SINTEX-F forecast using the WRF model cou-

pled to a simple mixed layer ocean model shows promise

in seasonal forecasting over southern Africa during the

austral summer. However, the results of this study are

limited by the lack of long-term WRF climatology based

on the SINTEX-F forecasts. This will be addressed in

a future work.
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