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ABSTRACT

A new subcloud layer evaporation scheme is incorporated into Regional Climate Model, version 3
(RegCM3), to better simulate the rainfall distribution over a semiarid region around Kuwait. The new
scheme represents subcloud layer evaporation of convective as well as large-scale rainfall. Model results are
compared to observations from rain gauge data networks and satellites. The simulations show significant
response to the incorporation of subcloud layer evaporation as a reduction by as much as 20% in annual
rainfall occurs over the region. As a result, the new model simulations of annual rainfall are within 15% of
observations. In addition, results indicate that the interannual variability of rainfall simulated by RegCM3
is sensitive to the specification of boundary conditions. For example, forcing RegCM3’s lateral boundary
conditions with the 40-yr ECMWF Re-Analysis (ERA-40) data, instead of NCEP–NCAR’s Reanalysis
Project 2 (NNRP2), reduces interannual variability by over 25%. Moreover, with subcloud layer evapora-
tion incorporated and ERA-40 boundary conditions implemented, the model’s bias and root-mean-square
error are significantly reduced. Therefore, the model’s ability to reproduce observed annual rainfall and the
year-to-year variation of rainfall is greatly improved. Thus, these results elucidate the critical role of this
natural process in simulating the hydroclimatology of semiarid climates. Last, a large discrepancy between
observation datasets over the region is observed. It is believed that the inherent characteristics that are used
to construct these datasets explain the differences observed in the annual and interannual variability of
Kuwait’s rainfall.

1. Introduction

With low annual rainfall and long, hot summers, the
Middle East has long been plagued by the scarcity of
water resources (Mageed 1994). Combined with few
natural freshwater sources, Kuwait’s situation is par-
ticularly difficult. Within the last three decades, the na-
tion’s population has nearly doubled, while domestic
water demand has nearly tripled (Fadlelmawla and Al-
Otaibi 2005). Recent reports indicate that Kuwaiti do-
mestic water consumption now totals over 400 L day�1

per capita (Al-Rashed and Sherif 2000). Further work
has shown that the pattern of water consumption in the
country is well correlated with atmospheric conditions
such as temperature, relative humidity, and rainfall
(Mukhopadhyay et al. 2000). In sharp contrast, extreme
rainfall events, like that which occurred in Kuwait City

on 11 November 1997, can cause excessive rainfall
(greater than 100 mm) in just hours, resulting in large
surface runoff and property damage (Al-Rashed and
Sherif 2000). Therefore, it is important to study the
spatial and temporal distribution of rainfall in this
country. No prior studies have been published on mod-
eling the rainfall distribution or the climate of Kuwait.

Furthermore, to allow for the future assessment of
climate variability of Kuwait, this paper presents a
modified regional climate model that more accurately
simulates the rainfall over semiarid regions. Prior stud-
ies, in different versions of Regional Climate Model
(RegCM), have indicated that the neglect of subcloud
rainfall evaporation leads to an overestimation of
rainfall in semiarid climates (Small et al. 1999 use of
RegCM2). Additionally, in a recent paper, Evans et al.
(2004) use RegCM3 to study rainfall processes over the
Middle East. Their results show an overestimation of
rainfall in Saudi Arabia and the Persian Gulf region,
which they hypothesize may result from the model’s
failure to simulate the effects of evaporation. Recently,
Worden et al. (2007) reaffirmed the significance of rain-
drop evaporation, reporting that nearly 20% (to as
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much as 50%) of rainfall evaporates near convective
clouds over the tropics. Here, we incorporate a more
physically realistic representation of subcloud layer
evaporation in a regional climate model. In addition,
we show the importance of lateral boundary conditions
in studying the distribution of rainfall over Kuwait. We
compare simulation results to a variety of observational
datasets to determine the effects of subcloud layer
evaporation and lateral boundary conditions on the
simulation of rainfall over Kuwait. Ultimately, this
work should lead to better simulation and prediction of
rainfall distribution over Kuwait and the surrounding
region.

2. Model description and development

a. Model description

In this study, RegCM3 is used to study the role of
subcloud evaporation on rainfall in semiarid climates.
Several studies have been carried out using RegCM3,
as referenced in Giorgi et al. (1998). Originally devel-
oped at the National Center for Atmospheric Research
(NCAR) and now maintained at the International Cen-
ter for Theoretical Physics (ICTP), RegCM3 is a three-
dimensional, hydrostatic, compressible, primitive equa-
tion, �-vertical coordinate regional climate model.
RegCM3 maintains much of the dynamical core of the
fifth-generation Pennsylvania State University–NCAR
Mesoscale Model (MM5; Grell et al. 1994). The model
now employs NCAR’s Community Climate Model, ver-
sion 3 (CCM3), radiative transfer package (Kiehl et al.
1996). In addition, land surface physics are modeled by
the Biosphere–Atmosphere Transfer Scheme version
1e (BATS1e) of Dickinson et al. (1993), while bound-
ary layer physics are modeled by Holtslag et al.’s (1990)
nonlocal planetary boundary layer scheme (see Giorgi
et al. 1993a). RegCM3 also employs Zeng’s bulk aero-
dynamic ocean flux parameterization, where sea sur-
face temperatures (SSTs) are prescribed (Zeng et al.
1998). In addition, three different convection schemes
(Kuo, Grell, and Emanuel) are available for nonresolv-
able rainfall processes (Giorgi et al. 1993b). After some
experimentation with other convection schemes, the
Kuo scheme best simulated the magnitude as well as
spatial distribution of rainfall and thus was chosen for
our experiments. Finally, RegCM3 includes a large-
scale, resolvable, nonconvective moisture scheme: the
subgrid explicit moisture scheme (SUBEX; Pal et al.
2000). Because in this study subcloud evaporation was
either added or improved in both the Kuo scheme and
SUBEX, a more detailed description of both will be
provided in the next section. The authors refer readers

to Pal et al. (2007) for the most current developments
and description of RegCM3.

b. Model developments

1) LARGE-SCALE SUBCLOUD EVAPORATION:
SUBEX

Since one of the focuses of this paper is on the im-
provement of SUBEX’s raindrop evaporation, we
briefly describe the precipitation process in the scheme.
RegCM3’s large-scale rainfall evaporation is modified
by improving the representation of the evaporation rate
coefficient. SUBEX dramatically improves RegCM3’s
representation of clouds, rainfall, and the energy bud-
get (Pal et al. 2000). As in the work of Pal et al. (2000),
large-scale rainfall PLS forms in RegCM3 once cloud
water content QLS

c breaches the autoconversion thresh-
old Qth

c as follows:

PLS � Cppt� Qc
LS

FCLS � Qc
th�FCLS �kg kg�1 s�1�, �1�

where FCLS is the fraction of the grid cell covered by
clouds, which is a function of the average relative
humidity of the grid cell (Sundqvist et al. 1989), and
Cppt (s�1) is the inverse of the characteristic time
it takes cloud droplets to convert into raindrops, the
autoconversion rate. The cloud water threshold Qth

c

(kgwater kgair
�1), is described by an empirical function

of temperature. In addition, the scheme accounts for
raindrop accretion, which was previously excluded
from RegCM3’s explicit moisture scheme. As formu-
lated in the work of Sundqvist et al. (1989), raindrop
evaporation, which occurs in the cloud-free portion of
the grid cell, is modeled as

Pk,evap � Cevap�1 � RH��Psum,k �kg kg�1 s�1�, �2�

where RH is the ambient relative humidity and Psum

(kg m�2 s�1) is the large-scale precipitation falling from
above and is uniformly distributed across the grid box.
The evaporation rate coefficient Cevap, the focus of the
improvement proposed in this paper, will be referred to
as the static evaporation coefficient. The moisture and
heat tendencies are updated for each layer to account
for the amount of rainwater evaporated within that
layer. Thus, rainfall leaving a grid cell at vertical level k
(where k increases as one moves toward the surface) is
simply

Pk
LS � Pk�1

LS � Pk,evap �kg kg�1 s�1�; �3�

Psum,k � Pk�1
LS . �4�
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Following the work of Georgakakos and Bras (1984)
in their formulation of rainfall evaporation in a hydro-
logical station model, we propose here to scale SUBEX’s
Cevap to account for the variability of water vapor dif-
fusivity as a function of the model layer’s temperature
and pressure. Our assumed form of dependence of the
diffusion coefficient on temperature and pressure is
based on the empirical analysis of Pruppacher and Klett
(1978). Thus, our new rate coefficient, which will be
referred to throughout as the dynamic evaporation co-
efficient, is

C�evap � Cevap�To

T*�1.94�P*
Po
� �kg m�2 s�1��1�2 s�1,

�5�

where P* and T* take values of 1013.25 mb and 273.15 K,
respectively, and Po and To are values for each atmo-
spheric layer. On a typical winter day (when most large-
scale rainfall occurs in Kuwait), the surface temperature
is about 25°C and surface pressure reaches approxi-
mately 1000 mb (Al Kulaib 1984). As a result, in such
an environment, using the new dynamic Cevap in lower
model layers can increase evaporation by more than
20% compared to the original SUBEX raindrop evapo-
ration formulation. Table 1 provides all prescribed con-
stant SUBEX parameters used in our experiment.

2) CONVECTIVE SUBCLOUD EVAPORATION: KUO

SCHEME

As mentioned by Sundqvist et al. (1989), most con-
vection schemes lack subcloud evaporation since it is
assumed that rain falls through almost saturated air.
However, in semiarid climates this is not the case. Stud-
ies have shown that in these regions between 25% and
50% of convective rainfall can evaporate before reach-
ing the ground, depending on rainfall intensity and
cloud-base height (Rosenfeld and Mintz 1988). Further
work by Al Kulaib (1984) describes many accounts in
which such convective activity occurs over Kuwait with
rainfall totals less than 5 mm. As a result, to accurately
simulate the rainfall over Kuwait, it is necessary to in-
clude a subcloud convective evaporation scheme. Mod-
eled after SUBEX’s layer-by-layer approach for evapo-
ration, the method applied here may also be adopted to

other convection schemes. Although both the Grell and
Emanuel schemes offered in RegCM3 do model some
form of rainfall evaporation, as mentioned prior, Kuo’s
convective parameterization is used in these experiments
because of its superior performance over our domain.

Triggered by a convectively unstable vertical sound-
ing and large-scale moisture convergence, the Kuo
scheme implements a simple, integrated column ap-
proach in representing convective rainfall (Kuo 1974).
Rainfall is calculated from the following equation:

Po
CU � Mt�1 � ��, �6�

where Mt is the vertically integrated moisture conver-
gence described by

Mt � �m2

g ��0

1 �p*V̇q�

m
d�, �7�

where m is the mass flux, g is acceleration due to grav-
ity, �p* is a function of surface and top of model pres-
sure, V̇ is dependent on horizontal velocity, q� is the
mixing ratio of water vapor, and � is the vertical sigma
level. The term �, the rainfall efficiency, is determined
by the average relative humidity of the sounding RH as
follows:

� � 2�1 � RH̄� for RH̄ � 0.5; otherwise, � � 1.

�8�

Similar to SUBEX evaporation, we permit rainfall
evaporation to occur from the model’s cloud-base level
down to the surface as described in Eq. (2) while using the
dynamic coefficient of evaporation of Eq. (5). Because
rainfall in the Kuo scheme is calculated in a column-
integrated approach, we assume that PCU

o is the total rain-
fall at the cloud-base level as calculated in Eq. (6). We
then permit evaporation to occur layer by layer from this
initial amount as follows:

Pk
CU � Po

CU � Pk,evap, �9�

where k � cloud base and

Pk	1
CU � Pk

CU � Pk	1,evap, �10�

where

Pk	1,evap � C�evap�1 � RH��Pk
CU, �11�

and so forth, from k � cloud base down to k 	 1 �
surface. Again, it is important to note that moisture and
heat tendencies are updated for each layer to account
for water evaporated in that layer.

3. Experimental design and observational datasets

a. Experimental setup

Simulations using RegCM3 were completed spanning
the period from 1982 to 2002. Our domain, centered at

TABLE 1. Summary of SUBEX constants used.

Parameter Value Units

Autoconversion rate Cppt 5 
 10�4 s�1

Autoconversion scale factor Cacs 4 
 10�1 —
Accretion rate Cacc 6.0 m3 kg�1 s�1

Static coefficient of evaporation
Cevap

2 
 10�5 (kg m�2 s�1)�1/2 s�1
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33.5°N, 44°E at 60-km resolution, has 52 points in the
zonal and meridional direction using a Lambert confor-
mal projection. Thus, the domain covers most of the
Middle East from the Black and Aral Seas in the North
to the Red Sea in the southwest and Oman in the south-
east. Experiments were performed at finer resolutions
(30 km), but results did not improve and computational
expense became unrealistic. Figure 1 represents the
model domain as well as topography and land use in
the simulations. Two different sets of initial and bound-
ary conditions are implemented and examined: Na-
tional Centers for Environmental Prediction (NCEP)–
NCAR’s Reanalysis Project 2 (NNRP2) of Kalnay et al.
(1996) and the 40-yr European Centre for Medium-
Range Forecasts (ECMWF) Re-Analysis (ERA-40) of
Uppala et al. (2005). Lateral boundary conditions
(LBCs) were enforced by applying the exponential
relaxation of Davies and Turner (1977). As mentioned
prior, SSTs are prescribed to RegCM3 from the Na-
tional Oceanic and Atmospheric Administration
(NOAA) optimally interpolated SST (OISST) dataset,
which has a temporal coverage from 1982 to 2002
(Reynolds 2002). The SST datasets are 1° 
 1° weekly
resolution and are based on in situ and satellite obser-
vations.

To account for the local effects of LBCs on model
results, the model’s output from a strip with a width of
3° along each boundary is not analyzed. Nonetheless,
our results here will focus mostly on model output from
28.4° to 30.2°N and from 46.5° to 48.5°E, the approxi-
mate location of Kuwait, which should be free from
most LBC influences. Table 2 provides a summary of
the simulations completed, the names that will be used
to describe each run, and the datasets used in each
experiment.

b. Rainfall datasets

For this study, a variety of rainfall datasets were con-
sidered such as the Tropical Rainfall Measuring Mis-
sion (TRMM) and NCEP reanalysis data. However, for
rainfall measurements, we aim for a longer historical
record than TRMM as well as an unbiased dataset
(NNRP2 is used for boundary conditions). The Cli-
matic Research Unit (CRU) high-resolution gridded
dataset, TS 2.1, comprises a monthly time series of pre-
cipitation for the period of 1900 to 2002. Values are
interpolated from surface observations onto a global
0.5° 
 0.5° resolution grid (Mitchell and Jones 2005).
Many studies (e.g., Jiao and Caya 2006; Syed et al.
2006) have used the CRU rainfall dataset for climate

FIG. 1. Domain implemented for all simulations with topography contoured (200-m
intervals) and vegetation shaded. Kuwait is classified by semidesert and desert land cover.
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analysis and model validation. The Global Precipitation
Climatology Project (GPCP), established in 1979 by the
World Climate Research Programme (WCRP), com-
bines a blend of satellite observations and rain gauge
measurements to produce precipitation estimates. Sat-
ellite measurements computed from microwave imag-
ers such as the Special Sensor Microwave Imager (SSM/
I), as well as infrared measurements like the Atmo-
spheric Infrared Sounder (AIRS), are merged with rain
gauge data, which are collected and maintained by the
Global Precipitation Climatology Centre (Adler et al.
2003). The output is a monthly, global, total rainfall
product of 2.5° 
 2.5° resolution from 1979 to present.
Last, located at 29.13°N, 47.58°E in Kuwait City, the
Kuwait International Airport has kept a nearly continu-
ous record of monthly rainfall. Through the World Me-
teorological Organization (WMO) and the World
Weather Records (WWR) compilation, these measure-
ments are available from 1961 to present. Other station
data exist within Kuwait, but none with such a substan-
tial continuity in their observations. The airport station
data, along with CRU and GPCP data, will be com-
pared to simulations of monthly, annual, and interan-
nual variability of rainfall in Kuwait.

4. Results and discussion

Several studies using RegCM to model the climate of
arid regions have compared model results to reanalysis
data. For example, Small et al. (1999) have shown that
general circulation patterns such as 500-mb geopoten-
tial heights and winds are well represented by RegCM2
over a similar domain in central Asia. In addition,
Evans et al. (2002) have used RegCM3 to model the
climate of the Middle East in a domain similar to that of
this study. Their results show reasonable temperature
representation in the model with a slight cool bias in
winter. Similarly, we find a cool bias (of around 1°C)
over the entire domain. However, summer (June–
August) average temperatures show a warm bias. We
are currently addressing this summer warm bias and
results will be reported in the future.

a. Model validation

For baseline model performance, a comparison of
NCEP’s and ECMWF’s annual rainfall distribution to

CRU observations is made here. To begin with, both
simulations significantly overestimate Kuwait’s annual
rainfall, which CRU estimates at 110 mm. More spe-
cifically, as shown in Table 3, NCEP overpredicts an-
nual totals by over 40% at 154 mm yr�1, and ECMWF
simulates 148 mm, which is 35% too wet. These values
are still somewhat better than rainfall values in reanaly-
sis datasets such as NNRP2 and ERA-40, which se-
verely underestimate rainfall at 50 and 75 mm yr�1,
respectively. Nevertheless, when comparing CRU’s an-
nual rainfall (Fig. 2a) to NCEP and ECMWF annual
rainfall (Figs. 2b and 2c), the model does well in simu-
lating the spatial distribution of rainfall over the do-
main. For example, RegCM3 correctly simulates the
gradient of rainfall from Kuwait to the Zagros Moun-
tains of western Iran. However, attention should be
paid to the extensive, excessive, wet tongue of rainfall
that extends from central Saudi Arabia to the Persian
Gulf.

This area is easily seen in Figs. 3a and 3b, which
display the annual difference between CRU and
RegCM3 rainfall. Some locations in this southern re-
gion have annual rainfall overestimated by more than
60 mm, which is nearly double the yearly rainfall (see
Fig. 3c). The neglect of subcloud layer evaporation con-
tributes to these results, and thus addressing this prob-
lem should help reduce simulated values in the region.
In addition, in both NCEP and ECMWF, rainfall over
the Zagros Mountains is overestimated by nearly 300
mm or 75% more than observations as seen in Figs. 3c
and 3d. On a similar note, the spatial distribution of
rainfall across the Black Sea near Turkey and the Cas-
pian Sea adjacent to Iran are modeled correctly but
with magnitudes that are significantly overestimated.
This amplification is caused by steep topography gra-
dients that exist along the coastline of the Black and
Caspian Seas where the Koroglu, Caucasus, and Elburz
mountain ranges are located. With winds blowing on-
shore over topography of 1 km and higher, orographic
lifting occurs with a constant, abundant supply of mois-

TABLE 2. Summary of simulations with parameters varied.
These names will be used to reference each run in the text.

Run Years LBC Evaporation SST

NCEP 1982–2002 NNRP2 — OISST
ECMWF 1982–2002 ERA-40 — OISST
EEVP 1982–2002 ERA-40 Kuo 	 SUBEX OISST

TABLE 3. Summary of observations and simulation results for
the country of Kuwait and for Kuwait City International Airport.
Mean (�) annual rainfall in millimeters, interannual variability (�) in
millimeters, and the coefficient of variation C� are presented.

Kuwait (country) Kuwait City Airport

� (mm) � (mm) C� � (mm) � (mm) C�

CRU 110 35 0.32 100 40 0.39
WMO — — — 112 74 0.66
GPCP 188 81 0.43 182 93 0.51
NCEP 154 119 0.77 162 147 0.91
ECMWF 148 101 0.68 143 113 0.79
EEVP 126 88 0.71 122 106 0.87
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ture that excessively precipitates out. The dry bias in
RegCM3 along the eastern Mediterranean Coast and
western Saudi Arabia is most likely a result of model
resolution. At 60 km, RegCM3 does not capture the
finer-scale mountainous topography that exists in both
areas, which enhances rainfall patterns. Finally, our analy-
sis has shown that RegCM3 correctly simulates the sea-
sonal cycle of Kuwait rainfall, where the rainy season
begins in October and ceases in May (Fig. 4a). In ad-
dition, at a finer temporal resolution, the model does
well in simulating actual rainfall events when compared
to TRMM daily rainfall records, as shown in Fig. 4b.

b. Effects of boundary conditions

Figures 2 and 3 demonstrate that boundary condi-
tions have very little effect on RegCM3’s spatial distri-
bution or magnitude of Kuwait rainfall. The similarities
are apparent in Figs. 5a and 5b, which display the total
and percent difference between NCEP and ECMWF
annual precipitation. Yearly differences between the

two simulations for Kuwait are only 6 mm and 4%,
respectively. However, as seen in Fig. 5a, ECMWF pos-
sesses significantly wetter annual rainfall in the north-
ern portion of the domain. This increased precipitation
is approximately 10%–20% more than NCEP results
(Fig. 5b). ECMWF results are therefore closer to CRU
observations in northern Turkey and Georgia as seen in
Fig. 3b. This most likely results from ERA-40 trans-
porting more moisture at the boundaries than NNRP2;
thus, more rainfall occurs along this inflow boundary.
In addition, ECMWF appears to be somewhat drier
than NCEP in western Saudi Arabia (Fig. 5b). How-
ever, the actual difference in precipitation, shown in
Fig. 5a, is less than 10 mm and therefore insignificant.

1) COMPARISON TO CRU

RegCM3 results show substantial differences in in-
terannual variability compared to measured values (see
Table 3). That is, NCEP exhibits a large year-to-year
variation in rainfall. Compared to CRU’s interannual

FIG. 2. Average annual rainfall (mm) from 1982 to 2002 for (a) CRU observations, (b) NCEP simulation, (c)
ECMWF simulation, and (d) EEVP simulation.
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variability (standard deviation) of 35 mm, NCEP’s
value of 119 mm is nearly 2.5 times larger than obser-
vations. It should be noted that too much smoothing
seems to occur in CRU estimates, which average the
eight closest station observations to calculate each grid
box’s value. However, such large interannual variability
suggests the model’s inability to capture the year-to-
year variation in rainfall. Similar results were found in
Small et al. (1999), where overestimations in RegCM’s
annual rainfall led to overestimations in interannual
variability for semiarid regions of central Asia. Like-
wise, the coefficient of variation C�, which measures the
dispersion of a distribution, is, as expected, significantly

higher for NCEP at 0.77 versus 0.32 for CRU. It is
important to note that all simulations have coefficients
of variation approximately between 0.7 and 0.8 (Table
3). These quantities indicate that using the mean alone
to describe model performance is not sufficient and that
the interannual variability of rainfall is of particular
importance. These wildly varying annual totals can also
be seen in Fig. 6, where RegCM3 (NCEP shown) simu-
lates the correct cycle of wet and dry years compared to
observations but overestimates the magnitude for rela-
tively wet years. Also noticeable in Fig. 6a is the muted
variability in CRU compared to satellite measurements
of rainfall from GPCP. Consequently, GPCP’s interan-

FIG. 3. Total annual precipitation difference (mm) between CRU and (a) NCEP and (b) ECMWF simulations for 1982–2002. Percent
bias between CRU and (c) NCEP and (d) ECMWF. Red shaded areas (negative values) indicate locations where model results are drier
than observations; blue shaded areas (positive values) indicate locations where model results are wetter than CRU observations.
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nual variability is 81 mm compared to CRU’s 35 mm
(Table 3). Although it is important to note the coarse
resolution of GPCP (2.5° 
 2.5°), NCEP variability is
still significantly larger than GPCP variability.

By forcing RegCM3 with ERA-40 boundary condi-
tions, interannual variability is reduced in RegCM3
simulations. This reduction is better seen in Fig. 7,
which shows model results plotted against observations
(CRU and WMO) with the bias, root-mean-square er-
ror (rmse), and the slope of the best-fit line (M) dis-
played. The model’s bias describes how well it can re-
produce observed mean conditions. The rmse provides
an overall error of model simulations and hence better
reflects how well the model reproduces year-to-year
variations in rainfall. Because the rmse includes the
bias within the statistic, an improvement to the bias
usually results in an improvement to the rmse. If we
assume linearity between model output and observa-
tions, the slope can be defined as the slope of the best-
fit line of model output versus observations. A slope
greater than one represents model results that overpre-
dict yearly variability while a slope less than one rep-
resents an underestimation in interannual variability.
Also included in Table 4 are the y intercepts of these
best-fit lines. Thus, an improvement to the bias, rmse,
and slope indicates a model that can more accurately
predict mean observational conditions as well as inter-
annual variations in these observations. As seen in Fig.
7a, the NCEP simulation exhibits a high rmse of 102.7
mm yr�1, which, combined with a slope of 2.6, makes it
clear that this simulation does poorly in describing

year-to-year variations in Kuwait rainfall. In fact, in
wetter years (those with observations greater than 110
mm) NCEP’s slope is significantly larger than 2.6. By
introducing ERA-40 LBCs, the rmse is reduced by 20
mm yr�1 (82.7 mm yr�1) and the slope is reduced to 2.3
(Table 4). Moreover, ECMWF simulates wetter years
for those in which NCEP is drier than CRU (see Fig.
7b). Conversely, ECMWF simulates drier years for
those in which NCEP is significantly wetter than CRU
values. Both improvements contribute to a reduction in
interannual variability by 15%. Therefore, ECMWF
better captures year-to-year variations in Kuwait rain-
fall.

2) COMPARISON TO WMO

Due to the large discrepancy in CRU and GPCP val-
ues, we compare Kuwait International Airport’s (Ku-
wait City) rain gauge data to the closest grid box in
observations and model simulations. Looking at WMO
comparisons (Fig. 7d), NCEP performs somewhat bet-
ter at Kuwait City with an rmse of 92.7 mm yr�1 and a
slope of 1.9. However, with an interannual variability of
147 mm, NCEP’s standard deviation is still 2 times that
of WMO. The improvement in rmse and slope is most
likely due to the larger variability in the WMO rainfall
record. That is, WMO has an interannual variability of
74 mm, which is nearly double that of CRU, thus pro-
viding evidence that CRU values are in fact too
smoothed. For example, Fig. 6b shows that CRU’s an-
nual rainfall for Kuwait City is significantly smaller
than that reported by WMO, particularly in relatively

FIG. 4. Temporal plot of Kuwait’s (a) average monthly rainfall (mm) for the period of
1982–2002 for CRU and ECMWF simulation and (b) daily rainfall (mm) from January to
March 1999 for TRMM and ECMWF simulation.
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wet years such as 1992, 1995, and 1997. Moreover, as
expected, WMO exhibits a larger C� of 0.66 than CRU,
0.39. An explanation as to why the CRU, GPCP, and
WMO values differ so greatly is offered below in sec-
tion 5. In any event, ECMWF performs significantly
better, with a bias lower by nearly 20 mm yr�1 and a
rmse of only 59.6 mm yr�1. The slope of the best fit line
is much closer to unity at 1.4, thus capturing year-to-
year variations in Kuwait City rainfall better than
NCEP. This improvement is further seen in the inter-
annual variability of ECMWF, which is 25% smaller
than NCEP at 113 mm. It is believed that the large
reduction in magnitude of extreme rainfall events in

ECMWF contributes the most to this improvement.
For instance, in 1997, NCEP predicted nearly 425 mm
of rainfall while for the same year ECMWF only simu-
lated 340 mm, an amount that is nearly 20% less. Thus,
with a smaller bias, a 37% reduction in rmse, and a
slope closer to unity, ECMWF more accurately simu-
lates the rainfall distribution of Kuwait City.

c. Effects of subcloud layer evaporation

As discussed prior, RegCM3 forced with either
NCEP or ECMWF boundary conditions significantly
overestimates Kuwait’s rainfall (Fig. 3). This can also
be seen in Table 3 where an overestimation in Kuwait

FIG. 5. Annual precipitation difference between ECMWF and NCEP simulations highlighting boundary condition effects in (a) total
annual difference (mm) and (b) percent difference. Also shown are annual precipitation differences between ECMWF and EEVP,
highlighting effects of evaporation changes in (c) total annual difference (mm) and (d) percent difference.
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annual rainfall by 44 and 38 mm occurs, respectively.
Even though using ERA-40 boundary conditions re-
duces the interannual variability of the model, a large
wet bias over Kuwait still exists. By both improving the
large-scale rainfall evaporation rate coefficient and in-
troducing subcloud layer rainfall evaporation in the
convection scheme, a significant reduction in annual
rainfall occurs, as seen in Fig. 5c. It is important to note
that although the same daily rainfall events occur in
Kuwait for both ECMWF and EEVP, it is the magni-
tude of the rainfall associated with any of these events
that is significantly reduced in EEVP. Additionally, re-
sults indicate that using the dynamic evaporation coef-
ficient does not markedly modify the spatial distribu-
tion of rainfall across the entire domain as well as over
Kuwait (see Fig. 2d). Further work has been completed
comparing ECMWF and EEVP vertical profiles of spe-
cific humidity and temperature. Minimal differences
were observed (on the order of 0.01 g kg�1 and 0.01°C,
respectively). These findings lead us to believe that
model dynamics are not significantly altered by this
change made to RegCM3. Figure 5c displays the actual
difference (in millimeters) of rainfall that is evaporated
from ECMWF in the EEVP simulation. Encouragingly,
the areas in the domain where RegCM3 significantly

overestimates precipitation are the same areas where
most precipitation evaporates (cf. Figs. 3b and 5c). For
example, over the coastlines of the Black and Caspian
Seas and the Zagros Mountains, nearly 500 mm of rain-
fall evaporates in EEVP. In addition, note the large
amount of rainfall that has evaporated over the Ara-
bian Peninsula and Persian Gulf coast, where a signif-
icant wet bias previously occurred in the model (Fig.
5c). As a result, moving farther south in the domain to
the lands of the hot and arid Syrian and Arabian
Deserts, an increase in the percentage of total rainfall
that evaporates is clearly visible (see Fig. 5d). That is, in
parts of Saudi Arabia more than a third of the total
rainfall simulated by RegCM3 in earlier simulations is
evaporated in EEVP. Therefore, by incorporating this
new evaporation scheme, significant differences in rain-
fall totals are clearly noticeable.

1) COMPARISON TO CRU

As seen in Figs. 7a and 7b, both NCEP and ECMWF
simulations contain large biases of 44.1 and 37.8 mm
yr�1. With our improvements to evaporation in
RegCM3, EEVP’s bias is reduced by 21 mm (or 16%)
to 16.9 mm yr�1. More specifically, in the five years in
which ECMWF overestimates CRU annual rainfall by

FIG. 6. Time series (1982–2002) of annual rainfall (mm) for (a) the country of Kuwait,
including CRU, GPCP observations, NCEP simulation, and EEVP simulation, and (b) Ku-
wait City for same datasets plus WMO airport rain gauge.

15 JUNE 2008 M A R C E L L A A N D E L T A H I R 2985



the largest amounts, EEVP reduces each of these val-
ues significantly. This trend is clearly seen in Fig. 6a.
For example, in the wet years of 1992, 1997, and 2000,
EEVP values fall much closer to CRU or GPCP obser-

vations. As mentioned prior, RegCM3 has difficulty in
accurately capturing years in which Kuwait’s annual
rainfall is well above average. This trend is further ob-
served in other simulations performed with the model

TABLE 4. Summary statistics for country of Kuwait (simulations vs CRU) and Kuwait City International Airport (vs WMO). Bias in
mm, rmse in mm, the slope of the best fit line (M ), and the y intercept (B) are presented. Values provided are for the period of
1982–2002 when observations were available from the airport (14 yr).

Simulations vs CRU Simulations vs WMO

Bias RMSE M B Bias RMSE M B

CRU — — — — �12.2 39.2 0.51 —
NCEP 44.1 102.7 2.6 �136.5 49.5 92.7 1.9 �46.2
ECMWF 37.8 82.7 2.3 �110.4 31.2 59.6 1.4 �13.5
EEVP 16.9 65.2 1.9 �90.5 9.9 52.2 1.3 �19.8

FIG. 7. For entire country of Kuwait, a scatterplot of CRU observations vs simulated annual
rainfall in (a) NCEP, (b) ECMWF, and (c) EEVP simulation. Also, a scatterplot of annual
rainfall from WMO Kuwait (City) Airport rain gauge data vs (d) NCEP, (e) ECMWF, and (f)
EEVP simulations. Also listed are summary statistics (bias, rmse, M) for each simulation
compared to observations. Note that comparisons between WMO and simulations are for 14
yr between 1982 and 2002, for which WMO had a complete rainfall record.
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not included in this study. We believe that a positive
feedback between evapotranspiration in prior time
steps and subsequent moisture convergence causes this
excessive rainfall. More specifically, as evapotranspira-
tion occurs (from prior rainfall events), more and more
of it indirectly contributes to ensuing moisture conver-
gence and, hence, rainfall events. Therefore, by reduc-
ing the amount of precipitation that reaches the surface
initially, EEVP curbs this precipitation recycling by re-
distributing this moisture aloft and across different grid
cells in the model. As a result, EEVP’s simulated an-
nual rainfall of 126 mm is closest to CRU observations.
Also encouraging is the fact that adding this improved
evaporation scheme does not reduce dry years (annual
rainfall less than 50 mm) too drastically. Only twice do
EEVP values fall significantly below observations or
other simulations. Additionally, the interannual vari-
ability of EEVP (88 mm) is 13% lower than that of
ECMWF (101 mm). As a result, an improvement is also
made to the rmse and slope (see Fig. 7c). In short,
EEVP’s smaller bias means it is able to produce mean
observational values better than NCEP or ECMWF. In
addition, EEVP’s 20% reduction in rmse to 65.2 mm
yr�1 and slope of under 2 (1.9) suggests that this simu-
lation better represents the year-to-year variation in
Kuwait rainfall. Finally, from Fig. 7c it is clearly seen
that EEVP’s scatter of points lies closest to the one-to-
one line of all simulations. Thus, EEVP performs best
in simulating the overall hydroclimatology of Kuwait.

2) COMPARISON TO WMO

Since large differences occur in annual rainfall totals
between GPCP and CRU, WMO data are also used in
comparing simulations’ yearly means. The closest grid
box to Kuwait City Airport in RegCM3 simulations is
compared to airport rain gauge data (WMO). From
Figs. 7e and 7f, one can see that RegCM3 forced with
ERA-40 boundary conditions performs better against
WMO than against CRU. That is, both RegCM3 simu-
lations (ECMWF and EEVP) contain smaller biases,
rmse, and slopes for the comparison at the airport (see
Table 4). This is due mostly to rain gauge values that
are larger than CRU measurements for this locale.
Nevertheless, as is apparent in Fig. 7e, ECMWF still
contains a large bias of 31.2 mm yr�1. This wet bias is
mostly caused by RegCM3’s difficulty in accurately
capturing heavy rainfall years. For example, the wettest
three years in WMO are substantially overestimated by
ECMWF. By including our modified and new evapora-
tion schemes, EEVP dramatically decreases total rain-
fall in each of these wet years (Fig. 7f). Moreover, four
out of the five wettest simulated years in ECMWF have
a significant reduction in total rainfall in EEVP. This

decrease leads to a dramatic reduction in the bias to 9.9
mm yr�1, producing simulations within 9% of observa-
tions. Last, with our new evaporation scheme, gains in
the rmse, slope, and interannual variability are made.
For example, EEVP exhibits the lowest rmse (52.2 mm
yr�1) and slope (M) of 1.3 (Table 4). Furthermore, it is
clearly seen in Fig. 7f that EEVP’s scatter of points also
lies closest to the one-to-one line of all simulations per-
formed. Therefore, compared to NCEP and ECMWF,
EEVP does significantly better in predicting not only
Kuwait’s annual rainfall but also the annual variation in
rainfall.

5. Summary and conclusions

By implementing and improving a simple, but physi-
cally based, subcloud layer evaporation scheme,
RegCM3’s rainfall performance over a semiarid region
has been improved. More specifically, by incorporating
dynamic evaporation, the model shows a strong re-
sponse to rainfall evaporation in subcloud layers. As a
result, mean model results are now substantially closer
to observational datasets. For example, EEVP results
are now within 15% of CRU observations for Kuwait’s
mean annual rainfall as shown in Fig. 8. Furthermore,
model biases have dropped from nearly 45 to 16 mm
yr�1. This improvement is noted all along the Arabian
Peninsula where previously a large wet bias in rainfall
was simulated by RegCM3 (cf. Figs. 3b to 8a and 3d to
8b). Therefore, we confirm that subcloud layer evapo-
ration is indeed an important physical process in simu-
lating the mean hydroclimatology of arid regions.

In addition to strides made in annual rainfall totals,
simulations of year-to-year fluctuations in Kuwait rain-
fall have also been substantially improved. By imple-
menting ERA-40 boundary conditions and incorporat-
ing dynamic evaporation schemes, interannual variabil-
ity as well as root-mean-square errors are significantly
reduced (Table 4). More specifically, a 36% reduction
in rmse and 25% reduction in interannual variability
occur between NCEP and EEVP. Furthermore, incor-
porating a dynamic evaporation scheme (EEVP) re-
duces the rmse value for Kuwait by an additional 17.5
mm yr�1. Thus, we show that, along with ERA-40
boundary conditions, including subcloud layer evapo-
ration in RegCM3 improves the accuracy of simulated
rainfall interannual variability in semiarid climates. En-
couragingly, we now observe rainfall totals that fall in
between CRU rain gauge data and GPCP satellite mea-
surements (Fig. 6). For example, as seen in Fig. 6b,
EEVP falls between WMO and GPCP totals for most
years, particularly the wet years of 1992, 1995, and 1997.
Although values now lie closer to these observational
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datasets, the inaccuracy of RegCM3 in simulating in-
terannual variability of rainfall is one area still in need
of improvement.

Finally, the discrepancy or wide range in values for
observation datasets that describe Kuwait’s rainfall dis-
tribution needs explanation. In general, for years with
above-average rainfall, WMO totals are larger than
those of CRU. These larger values are due to localized
convective events occurring at the airport, which are
muted in the CRU averaging (Al Kulaib 1984). In con-
trast, in dry years, WMO values are smaller than those
of CRU. In these years, rainfall is most likely associated
with northerly large-scale depressions that travel across
Kuwait and areas farther north (Al Kulaib 1984).
Therefore, CRU estimates, which have contributions
from stations north of Kuwait (where a denser network
of observations exists), overestimate the actual Kuwait
rainfall in such years. Hence, it is of particular impor-
tance to include a comparison of model results to the
WMO data. While both datasets have similar mean val-
ues, WMO contains a much larger standard deviation
than CRU, 74 versus 40 mm (Table 3). As a result, the
coefficient of variation for WMO is nearly 65% larger
than that of CRU, demonstrating the large smoothing
that occurs in CRU averaging over multiple stations. In
contrast, GPCP mean estimates are consistently larger
than both CRU and WMO data. This difference is
partly due to GPCP’s coarse resolution and use of sat-
ellite measurements for rainfall estimates. With a grid
box over 250 km in resolution, GPCP estimates the
rainfall over the Persian Gulf and the coast of Iran,

whereas CRU and WMO are land-based estimates at
much finer resolutions (56 km and point estimate, re-
spectively). Therefore, GPCP’s estimate for Kuwait
represents a larger area that includes regions where
annual rainfall is significantly larger than Kuwait, as
can be discerned from plots of rainfall distribution in
the region (Fig. 2). However, as seen in Fig. 6b, when
huge discrepancies do occur between CRU and GPCP,
airport rain gauge data consistently fall in between the
two datasets. Therefore, the comparison made in this
study using both CRU and WMO as benchmarks is the
best possible analysis for Kuwait rainfall.

This modified version of RegCM3 represents a
model that can be implemented to better simulate natu-
ral climate variability across arid and semiarid climates.
As a result, this tool can be used to produce more ac-
curate predictions of changes in rainfall patterns in-
duced by anthropogenic activity in such regions. Future
work includes a more thorough examination of the ex-
isting formulation for rainfall evaporation. For ex-
ample, using the actual vapor pressure deficit in calcu-
lating rainfall evaporation (in lieu of the relative hu-
midity deficit) could improve model results further. In
such a scheme, the saturation vapor pressure, which has
a strong nonlinear dependence on temperature, is ex-
plicitly accounted for in deriving rainfall evaporation.
Results from such a formulation will be documented in
the near future.
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