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Abstract. The sensitivity of quantitative precipitation fore-
casts to various modifications of the Kain-Fritsch (KF)
convective parameterization scheme (CPS) is examined for
twenty selected cases characterized by intense convective ac-
tivity and widespread precipitation over Greece, during the
warm period of 2005–2007. The study is conducted us-
ing the MM5 model with a two nested domains strategy,
with horizontal grid increments of 24 and 8 km, respectively.
Five modifications to the KF CPS, each designed to test the
sensitivity of the model to the convective scheme formula-
tion, are discussed. The modifications include: (i) the max-
imization of the convective scheme precipitation efficiency,
(ii) the change of the convective time step, (iii) the forcing of
the convective scheme to produce more/less cloud material,
(iv) changes to the trigger function and (v) the alteration of
the vertical profile of updraft mass flux detrainment.

The simulated precipitation from the 8-km grid is veri-
fied against raingauge measurements. Although skill scores
vary widely among the cases and the precipitation thresh-
olds, model results using the modifications of the convective
scheme show improvements in 6-h precipitation totals com-
pared to simulations generated using the unmodified con-
vective scheme. In general, forcing the model to produce
less cloud material improves the precipitation forecast for
the moderate and high precipitation amounts, while the same
modification and the change of the convective time step to
1 min has the same result for the high precipitation thresh-
olds. The increase of convective time step to 15 min, the
maximization of precipitation efficiency and the changes to
the trigger function give similar results for medium and high
precipitation. On the other hand, the forecast for the light
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precipitation is improved by forcing the model to produce
more cloud material as well as by the alteration of the verti-
cal profile of updraft mass flux detrainment.

1 Introduction

Greece is a topographically diverse country; thus, there are
many variations in the weather conditions especially during
the warm period of the year. Typically, the climate during
summer and early autumn is characterized by high tempera-
tures and limited amounts of rainfall. However, during this
period, many days are characterized by intense convection
and important lightning activity especially over the north-
ern part of the country (Mazarakis et al., 2008). Because of
the small scale of these phenomena, numerical models fre-
quently fail to provide acceptable quantitative precipitation
forecasts. Convection cannot be explicitly resolved at the res-
olution used by operational mesoscale models when the res-
olution is greater than 4 km, and thus it is parameterized us-
ing one of the various convective parameterization schemes
(CPS). Many studies have shown that among the various CPS
used in the numerical weather prediction (NWP), the Kain-
Fritsch (KF) scheme (Kain and Fritsch, 1990, 1992) per-
forms well in forecasts of convective systems (Kuo et al.,
1996; Wang and Seaman, 1997; Kotroni and Lagouvardos,
2001, 2004; Ferrier, 2004; Mazarakis et al., 2009).

The implementation of the KF scheme is characterized
by a tendency in some cases to overpredict precipitation
amounts (Spencer and Stensrud, 1998; Gallus and Segal,
2001; Correia et al., 2008). Other problems are the erro-
neous placement of the convective activity and the failure
of the representation of propagating convection (Davis et
al., 2003). In particular, the quantitative precipitation fore-
cast (QPF) above the Greek peninsula mainly suffers from
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the two aforementioned problems (Kotroni and Lagouvardos,
2004; Mazarakis et al., 2009).

Numerous studies have been devoted to the improving the
performance of the KF CPS. Some of them focus on the
change of several simple tunable parameters of the scheme
while others are more sophisticated, as they consist of ma-
jor changes to the core of the scheme. The main modifica-
tion of the initial scheme (Kain and Fritsch, 1990) included
major changes to the updraft and downdraft formulation, al-
lowing shallow (nonprecipitating) convective clouds and also
changes to the closure assumption (Kain, 2004). Until then,
various simpler modifications had been implemented. For
example, Spencer and Stensrud (1998) have tried to improve
the model skill of QPF by applying three different modifi-
cations. These modifications included the maximization of
the precipitation efficiency, the elimination of the convective
downdrafts below the cloud base and the delay of the down-
drafts relative to the initialization of the updrafts. Model
simulations using each one of these modifications showed an
improvement in the estimation of total rainfall fields versus
the simulations that use the unmodified convective scheme,
since the rainfall maxima provided by the model were of-
ten near the observed maxima, especially when the second
modification was been used. In another study, Gallus and
Segal (2001) used the KF scheme with the ETA model for
twenty warm mesoscale convective system (MCS) cases and
made various initialization adjustments. For their study they
used two different convective time steps, 10 min and 20 min,
and found that doubling the convective time step did not have
any significant impact on the precipitation forecasts.

Many authors focused on the modification of the physi-
cal characteristics of the updrafts and downdrafts in the KF
scheme. For example, Anderson et al. (2002) tried to im-
prove the QPF skill in two cases characterized by elevated
convection by implementing two different modifications; the
downdraft mass flux was related to the mean relative humid-
ity within the downdraft layer and the cloud radius varied
between 100 and 3000 m. Ferrier (2004) managed to alle-
viate the problem of high QPF bias, testing various modi-
fications of the KF CPS and found some improvements in
QPF. Namely, in his modifications (i) all of the rain and
snow calculated in the updrafts are detrained onto the grid,
in which all subsequent cloud and precipitation processes are
calculated by the grid-scale microphysics, (ii) fields of hy-
drometeors calculated by the model are used as input into
the scheme and are modified by the convective processes,
(iii) hydrometeors, except for rain, are converted back to
cloud water, (iv) convective downdrafts are turned off and
(v) the updraft radius is a function of cloud-base vertical mo-
tion. Recently, Correia et al. (2008) has used a modified ver-
sion of KF CPS proposed by Anderson et al. (2007) in order
to examine the sensitivity to the convection time step, the
effects of hydrometeors feedback and the importance of the
vertical heating-cooling profile in cases of propagating con-
vection during the occurrence of MCSs. This modification

differs from the original KF in that updraft detrainment of
heat, moisture, and condensate begins above the level of min-
imum saturated equivalent potential temperature, whereas
the KF CPS begins detraining above the level of equilibrium
temperature. Using the aforementioned modification, they
carried out numerous sensitivity experiments (i) altering the
CPS microphysics to produce less convective precipitation,
(ii) modifying the downdraft temperature effects in the low-
est levels, (iii) using two alternative convective time steps
(1 min and 4 min), and (iv) testing three idealized profiles to
determine the sensitivity to the magnitude and shape of the
heating. As a result of these modifications, stronger gravity
waves were produced that lead to the production of spurious
convection. The results suggested that two processes are of
fundamental importance for propagation: depth of low-level
cooling and the location of the heating maximum.

One of the most important parameters in convective
schemes is the “trigger function” (Kain and Fritch, 1992) be-
cause its formulation and the criteria that should be satisfied
play a significant role in the scheme activation. Modifica-
tion of the “trigger function” can have a positive impact on
the QPF skill. For example, a modified version of the KF
CPS has been used by Ridout et al. (2005) in which a cloud
base quasi-balance constraint on convective cloud-base mass
flux is implemented. The modified scheme includes changes
to the updraft source-layer selection and to the convective
trigger perturbations, while a great part of this is based on
the Emanuel convective scheme (Emanuel, 1991; Emanuel
and Zivkovic-Rothman, 1999). More recently, Truong et
al. (2009), using a modified version of Kain-Fritch CPS, suc-
ceeded at an important improvement in simulated rainfall
compared to the original scheme for a case of serious flood-
ing in Central Vietnam. A new diagnostic equation to com-
pute updraft velocity, closure assumption and trigger func-
tion was used in their modification where they take the verti-
cal gradient of the Exner function perturbation into account,
with an on-off coefficient to account for the role of the ad-
vective terms. Thanks to the analytical computation of the
ratio between the vertical gradient and buoyant forces for the
updrafts, they created different expression than the original
for the trigger function, updraft velocity and CAPE.

In the present study, a mesoscale model skill to simulate
20 warm season events, characterized by intense convective
activity and widespread precipitation, is investigated. These
events affected the Greek Peninsula during the warm season
period of 2005–2007. Since during the warm period of the
year most part of the precipitation is convective, it was con-
sidered important to focus on the performance of CPS used
by the model in order to improve the QPF. More specifi-
cally, the model sensitivity to various modifications of the
KF CPS scheme has been explored. These modifications
include (i) the maximization of the convective scheme pre-
cipitation efficiency, (ii) the change of the convective time
step, (iii) the forcing of the convective scheme to produce
more/less cloud material, (iv) changes to the trigger function
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Fig. 1. (a) MM5 nested model domains. (b) Location of the 113 rain gauges (denoted 

by black circles) used in the verification procedure. 
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Fig. 1. (a)MM5 nested model domains.(b) Location of the 113 rain gauges (marked by black circles) used in the verification procedure.

and (v) the alteration of the vertical profile of updraft mass
flux detrainment. The results of the performed simulations
have been compared with the available raingauge observa-
tions with the aim to statistically evaluate the model perfor-
mance for each modification.

The paper is arranged in the following manner: in Sect. 2
the three-dimensional numerical model is described in brief,
while the selected modifications to the KF CPS scheme are
discussed in Sect. 3. The available data and the verification
methodology are presented in Sect. 4. The results of QPF
verification are presented in Sect. 5 while an example of a
case study is given in Sect. 6. Section 7 is devoted to the
summary and discussion of this work.

2 Model setup

The numerical model used for this study is the MM5 (ver-
sion 3), a nonhydrostatic primitive equation model using
terrain-following coordinates (Dudhia, 1993). Several phy-
sical parameterization schemes are available in the model for
the boundary layer turbulence, the radiative transfer, the mi-
crophysics, and the cumulus convection. The MM5 model is

running operationally at the National Observatory of Athens
since 2000 (Kotroni and Lagouvardos, 2004). Concerning
the choice of the microphysical and boundary layer schemes,
the current operational chain uses the scheme proposed by
Schultz (1995) and Hong and Pan (1996), respectively. In-
deed, in the study by Akylas et al. (2007), the authors
have shown that the PBL scheme proposed by Hong and
Pan (1996) produces the most consistent results over Greece.
For radiation parameterisation, the standard scheme of MM5
that accounts for longwave and shortwave interactions with
explicit cloud and clear-air was used. Finally, a five-layer
soil model scheme was selected.

Two one-way nested grids are defined and used in this
study (Fig. 1a). Grid 1 has a 24-km horizontal grid incre-
ment, covering the major part of Europe, the Mediterranean,
and the northern African coast. Grid 2 has a 8-km horizontal
grid increment, covering the Greek territory and all the Greek
islands. The horizontal extension of the defined operational
grids is shown in Fig. 1a. In the vertical direction, 23 un-
evenly spaced full sigma levels are selected with the spacing
of levels reduced near the ground surface to better simulate
the evolution of the planetary boundary layer.
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MM5 is initialized at 00:00 UTC for every nested grid and
the simulation lasts 24 h. The 00:00 UTC Global Forecast
System (GFS), provided by the National Centers for Envi-
ronmental Prediction (NCEP), gridded analysis fields and 6-
h-interval forecasts are used to initialize the model and nudge
the boundaries of Grid 1 during the simulation period. No
preforecast spinup period or assimilation of additional obser-
vations is used in the operational MM5 chain.

In addition to the aforementioned mode chain (CTRL
hereafter), where the modified from Kain KF scheme ver-
sion is used (Kain, 2004), eight additional experiments have
been made for each case study, keeping all other model set-
tings the same, except the configuration of KF CPS. As this
study focusses on the sensitivity of warm season precipita-
tion forecasting and on the choice of the modification of KF
CPS, twenty days of the warm period of 2005–2007 have
been selected and simulated using the original and the KF
scheme modifications. Thus, one hundred eighty simulations
have been performed in total.

3 Modifications to the Kain-Fritch CPS

The KF CPS receives the model column values of temper-
ature, specific humidity, vertical and horizontal wind speed,
and pressure from the host model. In addition, the scheme
returns tendencies applied to the gridpoint values of temper-
ature, specific humidity, cloud liquid water, and cloud ice.
The core of the scheme is a Lagrangian model of a one-
dimensional entraining-detraining steady-state plume with
downdraft to compute convective tendencies such that CAPE
of the model column is reduced by 90%. A complete de-
scription of the KF CPS is found in Kain and Fritsch (1993),
Bechtold et al. (2001) and Kain (2004). The modifications
that have been used in the present study are described in the
following paragraphs.

3.1 Maximizing Precipitation Efficiency (PEF09)

The first modification to the KF CPS is to maximize the pre-
cipitation efficiency (PE), which is simply the ratio of the
water mass reaching the ground as precipitation to the wa-
ter vapor mass entering the cloud. In the original scheme,
the PE is expressed as a function of (i) the vertical shear
of the horizontal wind evaluated over the cloud depth and
(ii) the height of cloud base (Fritch and Chappell, 1980; Kain
and Fritch, 1990) and is restricted to values 0.1≤ PE≤ 0.9.
To maximize rainfall from the convective scheme, the PE is
taken equal to 0.9 whatever the wind conditions and cloud
base height. This modification forces 90% of the water va-
por influx at low levels to fall as precipitation, thereby min-
imizing the amount of liquid water available to drive evap-
oratively cooled convective downdrafts and maximizing the
convective rainfall each time the convective scheme is acti-
vated (Spencer and Stensrud, 1998).

3.2 Alteration of the convective time step
(1MIN, 15MIN)

The second and third modifications are relatively simple and
consist in the alteration of the period at which the model calls
the convective parameterization scheme, namely the convec-
tive time step. In the original scheme, the convective initia-
tion is checked every 5 min. In this study two different alter-
ations have been considered. In the first, the convective time
step is taken equal to one minute and in the second, equal
to 15 min. Yang and Arritt (2001) found in regional climate
simulations that adjustments in this parameter could have a
pronounced impact on precipitation forecast. In their study,
the CPS proposed by Grell (1993) and Grell et al. (1994) was
used. On the contrary, the doubling of that time step had lim-
ited impact in the study of Gallus and Segal (2001), where
the KF and Betts-Miller-Janjic schemes were used.

3.3 Reduce and enhance KF precipitation
(RATE01, RATE0001)

In the original scheme the calculation of precipitation is
based on the following equation:

δQv = Qv

[
1−exp

(
RATE

dz

w

)]
, (1)

whereδQv is the condensate removed from the updraft,Qv is
the condensate, dz the depth of the model layer,w the mean
vertical velocity and RATE is a constant equal to the rate
at which cloud droplets are converted to raindrops (Ogura
and Cho, 1973). In the original scheme, RATE is equal to –
0.01. By changing the RATE to –0.1, the convective scheme
is forced to produce more rainfall and less cloud material. On
the contrary, by changing the RATE to –0.001, the convec-
tive parameterization is forced to produce more cloud mate-
rial. This is useful in cases characterized by long-lived and
organized convective systems.

4 Changes to the trigger function
(EASYTRIG1, EASYTRIG2)

In the original KF CPS the convective parameterization is
triggered when the trigger functionTLCL + δTVV −TENV >

0 is satisfied, whereTLCL is the temperature at the Lift-
ing Condensation Level,TENV the environmental tempera-
ture andδTVV the temperature perturbation. This temper-
ature perturbation is used to eliminate most parcels from
further consideration by testing weather the temperature of
the mixed parcels at their LCL plusδTVV is greater than
the environmental temperature (TENV) at the mixed par-
cel LCL height (ZLCL). Thus, this temperature is de-
fined asδTVV=k

[
wg−c(z)

]1/3 wherek is a constant and
c(z) = 0.02 m s−1 if the mixed parcel LCL height is higher
than 2000 m a.g.l. andc(z) = 0.02(ZLCL/2000) if the mixed
parcel LCL is lower than 2000 m a.g.l. In general, the imple-
mentation of the KF CPS during the warm period of the year
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over Greece suffers from small values of Frequency Bias (see
Sect. 4.2 for the definition of Frequency Bias), especially for
moderate and large amounts of rain (Mazarakis et al., 2009).
To alleviate this effect, the coefficient (a) 0.5 (EASYTRIG1)
and (b) 1.0 (EASYTRIG2) has been added to the left-hand
side of the trigger function, forcing the scheme to be trig-
gered more easily. Thus the new form of the trigger function
is TLCL +δTVV −TENV +1T > 0, where1T is equal to 0.5
or 1.0.

4.1 An alternative mass flux profile (CJAmod)

The last modification is the more complex in comparison
with those already mentioned modifications. The standard
version of KF2 imposes a linear in pressure decrease of up-
draft mass flux from its value at the level of equilibrium tem-
perature (LET) to zero at cloud top. In the last modification
two main changes have been made. First, the bottom of the
outflow layer has been changed from the LET to the level
of minimum gridpointθe (minθe) or the melting level (ML),
whichever is at a lower altitude, and this level is required
to be above the LCL. Second, the updraft mass flux is as-
sumed to decrease linearly with the natural logarithm of pres-
sure rather than with pressure. Thus, these two modifications
have two main impacts. First, warming is reduced near the
tropopause, because compensating subsidence occurs over a
deeper layer and second, liquid and ice mixing ratios are in-
creased in the middle portion of the troposphere. Thus, there
is much more cloud water for the convective parameteriza-
tion to feedback to the host model. This modification was
proposed and implemented to the WRF model by Anderson
et al. (2007).

5 Data sets and verification methodology

5.1 Data sets

The model verification is perfomed for twenty days charac-
terized by intense convective activity and widespread preci-
pitation that occurred from 15 May to 30 September of the
years from 2005 to 2007. The choice of this period of the
year is based on the fact that it is characterized in general by
a weak synoptic-scale forcing, there is little influence from
midlatitude systems and the convective activity is important
over central and northern Greece (Flocas, 1993; Trigo et al.,
2002; Kostopoulou and Jones, 2007; Mazarakis et al., 2008).
For the statistical evaluation, the precipitation observations
from 41 rain gauges operated by the Hellenic National Mete-
orological Service (HNMS), 26 rain gauges operated by the
National Observatory of Athens, 13 rain gauges operated by
the Ministry of Rural Development, 10 rain gauges operated
by the National Technical University of Athens and 23 rain
gauges provided by the ECMWF MARS data base are used.
So the total maximum number of stations is 113 but the num-
ber of stations used for each case was case dependent.

5.2 Statistics

For each case the 6-h-accumulated precipitation (fromt +12
up to t +18) were verified against 70–90 rain gauges avail-
able on average per case. This time period was selected
because summer thunderstorm activity usually occurs near
the time of the maximum surface heating. Indeed, inspec-
tion of the cases showed that in all selected cases, the maxi-
mum of precipitation was observed during the period 12:00–
18:00 UTC while outside this time interval the observed rain-
fall was quite sparse. Model-simulated precipitation for the
8-km grid was used. Following the WMO report about the
verification of precipitation forecasts (WMO, 2008), a con-
tingency table for the observed and forecasted values was
built, as shown in the following:

2×2 Contingency Table Event Observed

Yes No

Event Forecasted
Yes A B
No C D

where A is the number of stations for which the model fore-
casted precipitation and the observed precipitation equaled
or exceeded a threshold (hits), B is the number of stations
for which only the model forecasted precipitation equaled or
exceeded a threshold (false alarm), C is the number of the
stations for which only the observed precipitation equaled or
exceeded a threshold (misses) and D is the number of the sta-
tions for which neither the model forecasted precipitation nor
the observed precipitation equaled or exceeded a threshold
(correct negatives). The following measures are calculated:

– Frequency Bias, B =A+B
A+C

that gives the ratio of the forecast rain frequency to the
observed rain frequency.

– Probability Of Detection, POD =A
A+C

which measures the fraction of observed events that
were correctly forecasted.

– False Alarm Ratio, FAR = B
A+B

which gives the fraction of forecast events that were ob-
served to be non-events.

– Critical Success Index, CSI = A
A+B+C

also known as the threat score which gives the fraction
of all events forecasted and/or observed that were cor-
rectly diagnosed.

– Heidke Skill Score, HSS = A+D−E
A+B+C+D−E

where E =(A+B)(A+C)+(B+D)(C+D)
A+B+C+D which measures the

increase in proportion correct for the forecast system,
relative to that of random chance.

www.nat-hazards-earth-syst-sci.net/11/1327/2011/ Nat. Hazards Earth Syst. Sci., 11, 1327–1339, 2011



1332 N. Mazarakis et al.: Precipitation forecast sensitivity to modifications of Kain-Fritsch scheme

In the framework of this study, the aforementioned statistical
scores were calculated for five distinct thresholds of rainfall
amount: 0.1, 1, 2.5, 5 and 10 mm. In addition, the following
quantitative measures have been calculated:

– mean error, ME =1
N

N∑
i=1

(Fi −Oi)

whereFi indicates the forecast value andOi indicates
the observed value andN is the number of observ-
ing stations. The mean error measures the average
difference between the forecast and the observed val-
ues, and

– mean absolute error, MAE =1
N

N∑
i=1

|Fi −Oi |

which measures the average magnitude of the error.

ME and MAE were calculated for five ranges: 0.1–2.5, 2.5–
5, 5–10, 10–20, and> 20 mm. All of the aforementioned
skill scores were averaged for all cases and the results are
discussed in the following section.

6 Verification results

Table 1a shows the Frequency Bias (B) scores for the fore-
casts implementing the original KF scheme and the eight dif-
ferent modifications as a function of the selected precipita-
tion threshold. In general, irrespective of the modification,
the model presents a tendency to overpredict the light pre-
cipitation (≤ 1.0 mm) and to underpredict the medium and
heavy precipitation (> 5.0 mm). However, when the model
is forced to produce more precipitation and less cloud mate-
rial, i.e. setting the RATE equal to –0.1, the B presents a clear
improvement, especially for the threshold of 5.0 mm with a
score of 0.95.

The positive effect of this modification is obvious, not only
for the B but also for the CSI score (Table 1b), for medium
(> 2.5 mm) and heavy (> 5.0 mm) precipitation. The imple-
mentation of the RATE01 modification gives 0.54 and 0.41
for the threshold of> 2.5 mm and> 5.0 mm respectively
compared to – and – respectively for the CTRL. The increase
of cloud material, by setting the parameter RATE equal to –
0.001, seems to have a positive effect for rain/no-rain thresh-
old (< 0.1 mm), resulting in the best score (0.69) among all
modifications and the CTRL run. On the other hand, this
modification gives poor results for the other thresholds, espe-
cially for medium and heavy precipitation. Although for the
1.0 mm threshold, the differences between the various modi-
fications are indiscernible, the increase of the convective time
step to 15 min gives slightly better results (0.60), from the
others. On the contrary, for heavy precipitation (> 10 mm),
the decrease of this time step to 1 min has a positive effect
to CSI (0.25). In comparison with the aforementioned CSI
skill scores, HSS follows the same pattern (Table 1c). Thus,

Table 1. (a) Frequency Bias, (b) CSI, (c) HSS, (d) POD, (e) FAR,
(f) MAE, and (g) ME for the 6-h precipitation forecasts provided
by the MM5 model by using the original KF scheme and the eight
different modifications, averaged for the 20 selected cases. The best
statistical score for every threshold is given in bold.

(a) Bias 0.1 1 2.5 5 10

KF-CTRL 1.09 1.14 0.97 0.80 0.50
PEF09 1.09 1.13 0.98 0.79 0.59
RATE01 1.05 1.12 1.08 0.95 0.70
RATE0001 1.14 0.92 0.63 0.43 0.42
EASYTRIG1 1.21 1.21 1.04 0.85 0.61
EASYTRIG2 1.22 1.22 1.05 0.86 0.55
1MIN 1.18 1.17 0.99 0.79 0.47
15MIN 1.05 1.07 1.03 0.74 0.41
CJAmod 1.36 1.12 0.78 0.48 0.39

(b) CSI 0.1 1 2.5 5 10

KF-CTRL 0.61 0.57 0.52 0.39 0.21
PEF09 0.63 0.59 0.49 0.35 0.24
RATE01 0.61 0.59 0.54 0.41 0.22
RATE0001 0.69 0.54 0.34 0.22 0.17
EASYTRIG1 0.63 0.58 0.51 0.36 0.20
EASYTRIG2 0.62 0.57 0.50 0.36 0.20
1MIN 0.63 0.59 0.51 0.38 0.25
15MIN 0.64 0.60 0.51 0.39 0.24
CJAmod 0.61 0.59 0.44 0.28 0.15

RATE0001 gives the best results for the rain/no-rain thresh-
old (0.71) while RATE01 is clearly better than the other mod-
ification for the thresholds of> 2.5 mm and> 5.0 mm with
scores 0.62 and 0.52, respectively. Similar to CSI, for the
heavy precipitation (> 10 mm), the reduction of the time step
from 5 min to 1 min noticeably improves the forecast.

As far as the probability of detection (POD) is concerned
(Table 1d), CJAmod gives the best results for rain/no-rain
threshold while RATE01 gives the best results for medium
and heavy precipitation. Especially for the> 2.5 mm and
> 5.0 mm, there is a clear predominance of the RATE01 with
POD equal to 0.72 and 0.57, respectively. The results for
the threshold of 10 mm are identical between RATE01 and
PEF09, while the modification EASYTRIG1 gives slightly
better results for the threshold of 1.0 mm. Concerning the
false alarm ratio (FAR) shown in Table 1e, RATE0001
shows better skill than the other modifications for rain/no-
rain threshold as FAR is closer to 0 (perfect score). The al-
teration of the convective time step seems to have a positive
effect for medium and heavy precipitation because 1MIN and
15MIN are closer to 0.

The aforementioned scores only give a measure of the
model accuracy based on the frequency of precipitation oc-
currence at or above a threshold and do not account for the
magnitude of precipitation errors. Investigation of the quan-
titative bias of forecast precipitation is performed through
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Table 1. Continued.

(c) HSS 0.1 1 2.5 5 10

KF-CTRL 0.64 0.63 0.60 0.50 0.28
PEF09 0.66 0.65 0.58 0.45 0.31
RATE01 0.64 0.65 0.62 0.52 0.30
RATE0001 0.71 0.61 0.42 0.30 0.24
EASYTRIG1 0.64 0.65 0.59 0.47 0.27
EASYTRIG2 0.64 0.63 0.58 0.46 0.28
1MIN 0.65 0.65 0.59 0.48 0.33
15MIN 0.66 0.65 0.60 0.51 0.32
CJAmod 0.62 0.65 0.53 0.37 0.21

(d) POD 0.1 1 2.5 5 10

KF-CTRL 0.78 0.77 0.65 0.50 0.26
PEF09 0.80 0.77 0.64 0.45 0.29
RATE01 0.77 0.78 0.72 0.57 0.29
RATE0001 0.86 0.65 0.41 0.26 0.20
EASYTRIG1 0.84 0.80 0.67 0.49 0.25
EASYTRIG2 0.84 0.79 0.67 0.48 0.25
1MIN 0.83 0.78 0.66 0.48 0.29
15MIN 0.79 0.77 0.68 0.50 0.27
CJAmod 0.88 0.76 0.54 0.33 0.18

(e) FAR 0.1 1 2.5 5 10

KF-CTRL 0.26 0.29 0.29 0.30 0.43
PEF09 0.24 0.26 0.31 0.36 0.42
RATE01 0.25 0.26 0.30 0.33 0.42
RATE0001 0.22 0.25 0.34 0.37 0.37
EASYTRIG1 0.29 0.29 0.31 0.37 0.40
EASYTRIG2 0.29 0.30 0.33 0.40 0.40
1MIN 0.28 0.28 0.30 0.30 0.29
15MIN 0.22 0.25 0.30 0.28 0.31
CJAmod 0.33 0.27 0.26 0.29 0.44

(f) MAE 0.1–2.5 2.5–5 5–10 10–20 > 20

KF-CTRL 1.39 1.62 3.29 8.44 29.63
PEF09 1.53 1.49 3.40 8.39 29.88
RATE01 1.46 1.92 3.08 7.61 29.08
RATE0001 1.05 2.19 4.77 9.80 34.48
EASYTRIG1 1.39 1.57 3.14 8.25 30.42
EASYTRIG2 1.35 1.52 3.17 8.39 30.88
1MIN 1.45 1.51 3.36 8.56 30.51
15MIN 1.30 1.68 3.03 8.43 30.39
CJAmod 1.23 2.00 4.51 9.54 32.66

(g) ME 0.1–2.5 2.5–5 5–10 10–20 > 20

KF-CTRL 0.80 –1.26 –2.82 –7.12 –29.59
PEF09 0.80 –1.26 –2.82 –7.12 –29.59
RATE01 0.82 –0.63 –2.07 –7.22 –29.06
RATE0001 0.52 –1.34 –4.42 –9.35 –34.38
EASYTRIG1 0.91 –1.01 –2.96 –6.97 –30.05
EASYTRIG2 0.87 –0.95 –2.95 –6.88 –30.66
1MIN 0.86 –1.18 –3.12 –6.71 –30.09
15MIN 0.72 –1.18 –2.48 –6.66 –30.39
CJAmod 0.84 –1.18 –3.33 –8.81 –32.66

inspection of the Mean Absolute Error (MAE) (Table 1f) and
Mean Error (ME) (Table 1g). All eight modifications and the
control run underpredict the amounts of rain for all ranges
(negative ME) with the exception of the first range of 0.1–
2.5 mm. Between the modifications, RATE01 is character-
ized by the lowest values for the absolute error except for the
range of 2.5–5.0 mm.

Table 2 shows for every threshold and measure those mod-
ifications that have given better scores than the original KF
scheme. In every cell of the table the modifications are
sorted from better to worse but always better than the CTRL.
Among the various modifications, it is obvious that for the
rain/no-rain threshold, the modification RATE0001 gives the
best scores for the measures CSI, HSS and FAR. The modifi-
cation 15MIN predominates for the threshold of 1 mm while
forcing the model to produce more precipitation and less
cloud material by setting the parameter RATE equal to –
0.1, has a noticeably positive impact to the model’s skill to
produce medium and large amounts of precipitation (2.5 and
5 mm). For very large amounts of rain (> 10 mm), the modi-
fications 1MIN and RATE01 give the best scores. More par-
ticularly, 1MIN outperforms the other modifications for the
measures CSI, HSS, and FAR while RATE01 outperforms
the other modifications for the measures B and POD. Over-
all, from Table 2 it is obvious that the RATE01 modification
presents a consistently better skill than the other ones. An-
other remarkable finding in this table, with the exception of
the 2.5 and 5 mm, is the relatively low performance of the
CTRL run.

Generally, for all selected cases the maximum precipita-
tion was observed between 12:00 and 18:00 UTC (15:00–
21:00 LT) and during the next 6-h period the precipitation
was continuously decaying. Thus, forcing the model to pro-
duce more rainfall and less cloud material had a positive im-
pact during the period of the verification procedure. On the
other hand, in two cases (not shown here) where important
precipitation amounts were observed close to midnight, the
RATE0001 and CJAmod gave slightly better results in com-
parison with the RATE01. This is common for cases char-
acterized by long-lived and organized convective systems
where convective parameterization produces most of the rain
without permitting more feedback cloud material for propa-
gating convective cases. Hence these two modifications seem
to be more useful for cases where rainfall is continued during
the night. Anderson et al. (2007), using the alternative mass
flux profile (CJAmod), found a similar improvement during
nocturnal mesoscale precipitation events between the origi-
nal and the modified KF CPS.

Finally, it would be interesting to investigate the impact of
the aforementioned modifications on other model variables
such as temperature. Trying to answer this question, the ver-
ification procedure was repeated for the temperature at 2 m.
This analysis showed that the verification scores of temper-
ature from the CTRL experiments do not differ from those
of the experiments with modified KF scheme. Namely the
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Table 2. List of modifications (for each threshold and statistical measure) that give better scores that the original KF scheme. The list of
modifications is sorted from the best to the worst. The modification RATE01 is in bold in order to emphasize the fact that it has given good
results for the majority of the thresholds and measures.

0.1 1 2.5 5 10

B 15MIN 15MIN 1MIN RATE01 RATE01
RATE01 RATE0001 PEF09 EASYTRIG2 EASYTRIG1
PEF09 RATE01 EASYTRIG1 PEF09

CJAmod EASYTRIG2
PEF09

CSI RATE0001 15MIN RATE01 1MIN
15MIN PEF09 15MIN
1MIN RATE01 PEF09
EASYTRIG1 1MIN RATE01
PEF09 CJAmod
EASYTRIG2 EASYTRIG1

HSS RATE0001 15MIN RATE01 RATE01 1MIN
PEF09 CJAmod 15MIN 15MIN
15MIN PEF09 PEF09
1MIN RATE01 RATE01

EASYTRIG1
1MIN

POD CJAmod EASYTRIG1 RATE01 RATE01 RATE01
RATE0001 EASYTRIG2 15MIN PEF09
EASYTRIG2 1MIN EASYTRIG1 1MIN
EASYTRIG1 RATE01 EASYTRIG2 15MIN
1MIN 1MIN
PEF09
15MIN

FAR RATE0001 RATE0001 CJAmod 15MIN 1MIN
15MIN 15MIN CJAmod 15MIN
PEF09 RATE01 RATE0001
RATE01 PEF09 EASYTRIG1

CJAmod EASYTRIG2
1MIN RATE01

PEF09

MAE (averaged over all stations at 12:00 and 18:00 UTC and
for all cases) ranged from 1 to 1.03, while the ME ranged
from –0.52 to –0.27.

7 Example of case study

A more detailed analysis of the event of 30 August 2009
is presented in the following. Although, one of the twenty
aforementioned warm events could have been selected, this
one was selected since during 2009, the raingauge network
density around Greece was developed remarkably, especially
in mountainous regions. Hence, 132 raingauges were avail-
able for the statistical verification of the specific event. 30
August 2009 was a typical summer day characterized by
widespread convective activity above continental Greece dur-
ing noon. Figure 2 depicts the lightning activity during the
period 12:00–18:00 UTC as it was recorded from the ZEUS

network (Kotroni and Lagouvardos, 2008; Lagouvardos et
al., 2009), showing intense lightning activity over the cen-
tral part of Greece, Epirus, Northern Ionian Sea, Central
Peloponnissos and part of Macedonia (locations are shown
in Fig. 1b). Figure 3 depicts the cloud top temperatures at
13:30 UTC along with the lighting activity detected during
the 15 min preceding that time. The stations where the 6-
h accumulated precipitation exceeded 8 mm during the pe-
riod 12:00–18:00 UTC, are marked by the yellow stars in
the same figure. Rain gauge measurements showed that
the major part of the rain was observed between 13:00 and
14:00 UTC (16:00–17:00 LT) near the time of maximum sur-
face heating.

Following the same methodology used in Sect. 5, the sta-
tistical scores for the same thresholds have been calculated
and are presented in Table 3. This table shows for every
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Table 3. This table shows for every threshold and measure which of the selected modifications gives the best or equal score than the original
KF scheme.

0.1 1 2.5 5 10

B RATE0001 = 1.05 PR EASYTRIG2 = 0.92 RATE01 = 0.89 KF-CTRL RATE01 = 0.64

CSI RATE0001 = 0.86 EASYTRIG2, EASYTRIG1 = 0.71 CTRL = PEF09 PEF09 = 0.45
15MIN = 0.83 = EASYTRIG1

= 1MIN = 15MIN
= 0.63

HSS RATE0001 = 0.89 EASYTRIG2, EASYTRIG1 = 0.80 CTRL = PEF09 PEF09 = 0.60
15MIN = 0.83 = EASYTRIG1

= 1MIN = 15MIN
= 0.74

POD CJA2nd = 1 EASYTRIG2, EASYTRIG1, CTRL = PEF09 = RATE01 KF-CTRL PEF09 = 0.45
15MIN = 0.82 EASYTRIG2 = 0.77 = EASYTRIG1 = EASYTR2

= 1MIN = 15MIN
= RATE01-PEF09 = 0.67

FAR CTRL 15MIN CTRL = PEF09 RATE0001 = 0 RATE0001 = CJA2nd = 0 PEF09 = 15MIN,
= EASYTRIG1 1MIN,
= EASYTRIG2 CJA2nd = 0
= 15MIN = 0.07

 2

   
 

 

Fig. 2. Lighting activity over Greece during the period 12:00 – 18:00 UTC 30 August 

2009 as detected by the ZEUS network. 

Fig. 2. Lighting activity over Greece during the period 12:00–
18:00 UTC 30 August 2009 as detected by the ZEUS network.

threshold and measurement which of the selected modifi-
cations gives better or equal scores than the original KF
scheme. Between the various modifications, one more has
been added, which is the combination of the RATE01 and
PEF09 (RP), which showed the best performance according
to the analysis of Sect. 5. The main characteristic of these
two modifications is the fact that they force the scheme to
produce more precipitation than the original scheme and as a
result, this combination may alleviate the model’s tendency
to underpredict precipitation during the warm season’s con-
vective events. Hence, as far as Frequency Bias is concerned
there is great variability between the various thresholds:

 3

 
 

              
Fig. 3.  The observed cloud top temperature at 13:30 UTC, 30 August 2009, overlaid 

with the lightning activity (blue dots) during the preceeding 15 minutes. The stations 

where the 6-h accumulated precipitation exceeded 8 mm during the period 12:00 – 

18:00 UTC are denoted with the yellow stars. 

Fig. 3. The cloud top temperature at 13:30 UTC, 30 August 2009,
overlaid with the lightning activity (blue dots) during the preceed-
ing 15 min. The stations where the 6-h accumulated precipitation
exceeded 8 mm during the period 12:00–18:00 UTC are marked by
the yellow stars.

as for the rain/no rain threshold, the RATE0001 gives the
best score (1.05) while for the medium precipitation (1 and
2.5 mm), the PR gives the best results (1 and 0.92, respec-
tively). For the heavy precipitation, there is a clear predom-
inance of the RATE01 (0.89 for the 5 mm and 0.64 for the
10 mm, respectively), while the original scheme has the same
score for the threshold of 10 mm. As far as the CSI, for the
rain/no-rain threhold the modification RATE0001 continues
to have the best performance while EASYTRIG2 and 15MIN
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KF CTRL (a) PEF09   (b) RATE01   (c) 

RATE0001   (d) EASYTRIG1  (e) EASYTRIG2  (f) 

Fig. 4. 6-h accumulated precipitation fromt +12 up tot +18 during the period 12:00–18:00 UTC 30 August 2009 from the MM5 simulation
using the(a) unmodified version of KF scheme,(b) PEF09,(c) RATE01, (d) RATE0001,(e) EASYTRIG1, (f) EASYTRIG2, (g) 1MIN,
(h) 15MIN, (i) CJAmod and(j) PR modification.

give the best score for the 1 mm (0.83) and EASYTRIG1
gives the best score for the 2.5 mm (0.71). For the 5 mm
the differences between the modifications are indiscernible
while PEF09 gives the best score (0.45) for the large amounts
of precipitation. The results are similar for HSS also. In ad-
dition, the implementation of CJAmod presents the best POD
for the rain/no-rain threshold, but this value is combined with
very large values for the B (1.42, not shown in this table). On
the other hand, the predominance of the EASYTRIG1 and
EASYTRIG2 modifications remains for the next two thresh-
olds. For heavy precipitation (> 10 mm), the original and the
PEF09 performs better (0.45) than the other modifications.
The FAR is equal to zero for the threshold of 2.5 mm when
RATE0001 is implemented, for the threshold of 5 mm when
RATE0001 and CJAmod are implemented. For the large
amount of rain four modifications gives a zero false alarm
ratio.

The panel in Fig. 4 shows the 6-h accumulated precipi-
tation from t + 12 up to t + 18 during the period 12:00–

18:00 UTC. In general irrespective of the choice of modifica-
tion, the forecasted precipitation is in close agreement with
the observed lightning activity presented in Fig. 2. How-
ever the model fails to simulate the high amount of rain-
fall (33.2 mm) that occurred on the Island of Corfu in the
North Ionian Sea (see Fig. 1b). On the other hand, it is
obvious that in comparison with CTRL, the modifications
RATE01, 15MIN, CJAmod and PR increase the maximum
values of precipitation by 5–10 mm. Moreover, the mod-
ifications RATE01, 15MIN and PR succeed in simulating
the observed precipitation in the eastern continental Greece
(see the black arrows in the Fig. 4c, h, and j) where signifi-
cant lightning activity was detected.

As it was also mentioned in Sect. 5, the RATE01 had the
best performance for the mean error (ME). Table 4 shows
the observed accumulated precipitation between 12:00–
18:00 UTC (2nd column), the forecasted precipitation for the
same period using the original KF scheme (3rd column), the
forecasted precipitation using the modification RATE01 (4th
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Fig. 4. Continued.

column) and PR (5th column) for 11 selected stations. With
the exception of Corfu’s station where the model was unable
to simulate the observed precipitation, in the other stations
the use of the modifications seems to have a positive effect on
the values of quantitative precipitation. For example, the ob-
served accumulated precipitation in the station of Foloi was
22.2 mm. The use of the original scheme gives only 10.4 mm
while the modification RATE01 and PR give 18.6 and 19.0,
respectively. With the exception of the Agrinio and Arta sta-
tions, where the original scheme gives slightly better results,
there is a clear improvement using the two modifications.

8 Summary and discussion

In the frame of this work, the sensitivity of MM5 model fore-
casts of warm season precipitation to the various modifica-
tions of the KF CPS for 20 selected cases over Greece is ex-
amined. The modifications include: (i) the maximization of
the convective scheme precipitation efficiency (PEF09). In
this modification, the variability of PE has been removed and

it is consistently equal to 0.9, which is the maximum value.
(ii) The change of the convective time step to 1 (1MIN)
and to 15 (15MIN) minutes respectively. In this modifica-
tion, the period at which the model calls the convective pa-
rameterization scheme has been changed from 5 min to 1
and 15 min, respectively. (iii) The forcing of the convec-
tive scheme to produce more/less cloud material (RATE01
and RATE0001). In this modification the model sensitivity
to the production of more or less rainfall and cloud material
is checked. Hence, two different values (–0.1 and –0.001) are
used in the equation which is used to the calculation of preci-
pitation. (iv) Changes to the trigger function (EASYTRIG1
and EASYTRIG2). In this modification, two different coef-
ficients (0.5 and 1.0) have been added to the equation that
describe the main criterion which the scheme activation is
based upon, and (v) the alteration of the vertical profile of
updraft mass flux detrainment (CJAmod). In this modifica-
tion, the updraft mass flux is reduced linearly from Level of
Free Sink instead of the Equilibrium Level, to the Cloud Top.
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Table 4. Observed accumulated precipitation between 12:00 and
18:00 UTC, 30 August 2009 (2nd column), forecasted precipi-
tation for the same period using the original KF scheme (3rd
column), forecasted precipitation using the modification RATE01
(4th column) and the PR (5th column) for 11 selected stations.

Station Precipitation KF-CTRL RATE01 RATE01
between 12:00 PEF09
and 18:00 UTC

Agrinio 14.0 11.1 9.9 0.4
Arta 9.2 8.4 8.3 7.8
Derviziana Ioan. 12.0 10.5 11.7 11.9
Foloi 22.2 10.4 18.6 19.0
Corfu 33.2 0.0 0.0 0.0
Koniskos 16.2 15.1 15.2 15.4
Megalopoli 9.8 2.8 4.6 4.6
Vegoritida 13.8 6.3 6.7 6.9
Veroia 13.2 1.8 2.4 2.1
Miliana Arta 19.5 5.6 8.9 9.2
Pistiana Arta 34.9 12.9 16.6 18.8

One hundred eighty simulations were carried out on two
nested domains, with horizontal grid increments of 24 and
8 km, respectively. The verification dataset consists of
ground precipitation measurements from 113 rain gauges.
For verification purposes, the measured and predicted pre-
cipitation amounts within a given 6-h forecast period (t +12
up to t +18) were compared for the following precipitation
thresholds: 0.1, 1.0, 2.5, 5.0 and 10.0 mm.

In general, during the warm season the forecasts suffer
from underestimation of the volumetric precipitation in the
areas where moderate and high precipitation occurs. This
problem can be alleviated when the model is forced to pro-
duce more precipitation and/or less cloud material. With the
exception of RATE0001 and CJAmod, all the other modifi-
cations force the model to produce more rain than the orig-
inal scheme. At this point it should be noted that forcing
the model to produce more rainfall is supported by the im-
portance of improving the precipitation forecasts of the high
amounts, as those are producing the most important societal
impacts. For the 20 selected cases, the modification RATE01
gives the best statistical scores for the moderate and high
precipitation amounts, while the same modification and the
1MIN improves the model performance for very high preci-
pitation (> 10 mm). In order to provide a representative way
about the performance of each modification, Fig. 5 has been
plotted. This figure summarises the number of times that
each modification gives better results than the original KF
scheme, irrespectively of the threshold and statistical mea-
sure. It is obvious that the RATE01 modification gives the
best results for the summertime convective precipitation fore-
casts, and thus this modification could be introduced into the
operational chain for this period of the year.

In the present study the verification procedure focuses on
the quantitative precipitation forecasts. Nevertheless, it was
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Fig. 5. Synopsis of all case studies: numbers on top of each column
show how many times each modification gives better results than the
original KF scheme, irrespectively of the threshold and statistical
measure.

found that the investigated modifications do not have any sta-
tistically significant impact on other parameters, such as tem-
perature.

Finally, it would be very interesting to study also the in-
teraction of the convective parameterization scheme with the
explicit microphysics. This would be possible if this study
were expanded for cold period cases for which stratiform and
convective precipitation are both important.
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