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Abstract: The sensitivity of precipitation to sea surface temperature (SST) and its diurnal variation is 
investigated through a rainfall partitioning analysis of two-dimensional cloud-resolving model experiments 
based on surface rainfall budget. For all experiments, the model is set up using zero vertical velocity and a 
constant zonal wind and is integrated over 40 days to reach quasi-equilibrium states. The 10-day equilibrium 
grid-scale simulation data and a time-invariant SST of 29°C are used in the control experiment. In the 
sensitivity experiments, time-invariant SSTs are 27°C and 31°C with an average value of 29°C when the 
minimum and maximum values of diurnal SST differences are 1°C and 2°C, respectively. The results show 
that the largest contribution to total rainfall is from the rainfall with water vapor convergence and local 
atmospheric drying and hydrometeor gain/divergence (~30%) in all experiments. When SST increases from 
27°C to 29°C, the contribution from water vapor convergence decreases. The increase of SST reduces the 
contribution of the rainfall with water vapor convergence primarily through the decreased contribution of 
the rainfall with local atmospheric drying and hydrometeor gain/divergence and the rainfall with local 
atmospheric moistening and hydrometeor loss/convergence. The inclusion of diurnal variation of SST with 
the diurnal difference of 1°C decreases the rainfall contribution from water vapor convergence primarily 
through the decreased contribution of the rainfall with local atmospheric moistening and hydrometeor 
loss/convergence. The contribution of the rainfall from water vapor convergence is barely changed as the 
diurnal difference of SST increases from 1°C to 2°C. 
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1  INTRODUCTION  

Sea surface temperature (SST) has important 
impacts on precipitation. Lau et al.[1] found 22% 
increase in convective precipitation and 13% increase 
in surface evaporation rate are associated with 
imposed SST increases from 28°C to 30°C in the 
experiments imposed by the same large-scale forcing. 
Costa et al.[2] revealed that 6.4% increase in 
precipitation is associated with 2°C increase of SST, 
which results from large offset between 17.8% 
increase in convective precipitation and 19.0% 
decrease in stratiform precipitation. Wu and 
Moncrieff[3] showed 3.3% and 5.8% increases in 
time-mean precipitation as time-mean SST increases, 

respectively, from 27.4°C to 29.4°C and from 29.4°C 
to 31.4°C. Cui and Li[4] found that the increase of SST 
from 29°C to 31°C leads to a 19 % increase of surface 
rain rate in the equilibrium cloud-resolving model 
simulations imposed by zero large-scale vertical 
velocity. Recently, Zhou and Li[5] analyzed 
equilibrium cloud-resolving model simulation data 
from Gao et al.[6] (the same data used in this study) 
with the surface rainfall equation proposed by Gao et 
al.[7]. They studied the sensitivity of precipitation to 
SST and revealed that the increase in surface 
evaporation over clear sky regions associated with the 
increase in SST from 29°C to 31°C intensifies the 
water vapor transport to convective regions that 
enhances the convective and mean rainfall. The 
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increase in mean surface rainfall is related to the mean 
local atmospheric drying and decrease of mean 
hydrometeor concentration when the diurnal variation 
of SST is included in the model. 

Most of previous studies focus on area-mean 
surface rainfall, which may contain the rainfall 
resulting from different processes as revealed by the 
surface rainfall equation from Gao et al.[7] and the 
rainfall from convective and raining stratiform regions. 
Shen et al.[8] proposed a new rainfall separation 
scheme based on surface rainfall budget to categorize 
grid rainfall model simulation data during Tropical 
Ocean Global Atmosphere Coupled Ocean 
Atmosphere Response Experiment (TOGA COARE) 
into eight rainfall types. They showed that the rainfall 
type with water vapor divergence and local 
atmospheric drying and hydrometeor 
loss/convergence has the largest contribution to total 
rainfall. The objective of this research is to study the 
sensitivity of precipitation to SST and its diurnal 
variation using the new rainfall separation scheme. 
Shen et al.[8] further compared the results using the 
new rainfall separation scheme with the results using 
a convective-stratiform rainfall separation scheme 
from previous study and found that about 30% of 
convective rainfall is associated with water vapor 
divergence, which is contradictory to the fact that 
convective rainfall is usually associated with water 
vapor convergence. Thus, the results from previous 
study[5] will be compared with the results from the 
calculations from the current study. The model, 
simulation data, and surface rainfall equation are 
briefly discussed in the next section. The results are 
presented in section 3. The summary is given in 
section 4. 

2  MODEL, EXPERIMENT, AND SURFACE 
RAINFALL EQUATION 

The data analyzed in this study come from 
two-dimensional equilibrium sensitivity 
cloud-resolving model simulation by Gao et al.[6]. The 
model was developed by Soong and Ogura[9], Soong 
and Tao[10], and Tao and Simpson[11] and further 
modified by Sui et al.[12] and Li et al.[13]. The model 
includes prognostic equations for mixing ratios of five 
cloud species (including cloud water, raindrop, cloud 
ice, snow, and graupel), cloud microphysical 
parameterization schemes[14-18], and interactive solar 
and thermal infrared radiation parameterization 
schemes[19-20]. The model uses cyclic lateral boundary, 
a horizontal domain of 768 km, a horizontal grid 
resolution of 1.5 km, 33 levels in the vertical, and a 
time step of 12 s. The top model level is 42 hPa. The 
vertical grid resolution ranges from about 200 m near 
the surface to about 1 km near 100 hPa. The detailed 
model description can be found in Gao and Li[21]. 

Experiments SST29, SST27 and SST31 are forced 
by time-invariant SSTs of 29°, 27° and 31°C, 
respectively. Experiments SST29D1 and SST29D2 
have diurnally-varying SSTs with a time mean of 
29°C and diurnal difference of 1° and 2°C, 
respectively [also see Figure 1 in Gao et al. [6]]. SST 
reaches maximum and minimum respectively at hours 
16 and 7. The model is forced by the zero 
zonally-uniform large-scale vertical velocity and a 
time-invariant and vertically-uniform zonal wind of 4 
m s-1, and is integrated to quasi-equilibrium rates 
within 40.5 days in all five experiments. The vertical 
profiles of temperature and specific humidity 
observed at 0400 LST 19 December 1992 from Sui et 
al.[22] during TOGA COARE[22] are used as the initial 
conditions. The two-dimensional cloud-resolving 
model has been used to study precipitation processes 
associated with tropical convection during TOGA 
COARE and South China Sea Monsoon Experiment 
(SCSMEX) and the landfall of tropical storms and 
pre-summer heavy rainfall[23-33]. 

Following Gao et al.[7] and Zhou et al.[34], the 
surface rainfall equation can be expressed by 

sP  = WVTQ + WVFQ + WVEQ + CMQ ,  (1) 
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where u and w are zonal and vertical air wind 
components, respectively; vq  is specific humidity; 

gsirc qqqqqq ++++=5 , gsirc qqqqq ,,,,  are 
the mixing ratios of cloud water, raindrops, cloud ice, 
snow, and graupel, respectively; Es is surface 
evaporation; the prime denotes a perturbation from the 
model domain mean (over bar); and the symbol ° is an 
imposed forcing. The surface rain rate is determined 
by local vapor storage ( WVTQ ), water vapor 

convergence ( WVFQ ), surface evaporation ( WVEQ ), 

and hydrometeor convergence minus storage ( CMQ ) 

from cloud water ( CMCQ ), rain ( CMRQ ), cloud ice 

( CMIQ ), snow ( CMSQ ), and graupel ( CMGQ ). The 

surface rainfall processes WVTQ , WVFQ , and CMQ  

could be positive or negative. Following Shen et al.[8], 
T and t represent local atmospheric drying ( WVTQ >0) 

and moistening ( WVTQ <0), respectively. F and f 

denote water vapor convergence ( WVFQ >0) and 

divergence ( WVFQ <0), respectively. M and m 

represent hydrometeor loss/convergence ( CMQ >0) 

and hydrometeor gain/divergence ( CMQ <0), 
respectively. Thus, eight rainfall types (TFM, TFm, 
tFM, tFm, TfM, Tfm, tfM, tfm) will be categorized 
using the grid simulation data based on different signs 
of WVFQ , WVTQ , and CMQ , and will be analyzed in 
this study (see the summary of rainfall types in Table 
1). The rainfall type tfm will not be discussed in this 
study because it does not contribute to total rainfall.

 

 
Figure 1. Fractional rainfall coverage (FRC) and percentage of rain amount over total rainfall amount (PRA), and means of SP , 

WVTQ , WVFQ , WVEQ , CMQ , QCMC, QCMR, QCMI, QCMS, and QCMG of TFM, TFm, tFM, and tFm, TfM, Tfm, and tfM in SST29. 

Units are mm h-1 for SP , WVTQ , WVFQ , WVEQ , and CMQ , and % for FRC and PRA. 
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Table 1. Summary of rainfall types. T and t represent local atmospheric drying and moistening, respectively. F and f represent water 
vapor convergence and divergence, respectively. M and m represent hydrometeor loss/convergence and gain/divergence, 
respectively. 

Type Description 

TFM Water vapor convergence, local atmospheric drying, and hydrometeor loss/convergence 

TFm Water vapor convergence, local atmospheric drying, and hydrometeor gain/divergence 

tFM Water vapor convergence, local atmospheric moistening, and hydrometeor loss/convergence 

tFm Water vapor convergence, local atmospheric moistening, and hydrometeor gain/divergence 

TfM Water vapor divergence, local atmospheric drying, and hydrometeor loss/convergence 

Tfm Water vapor divergence, local atmospheric drying, and hydrometeor gain/divergence 

tfM Water vapor divergence, local atmospheric moistening, and hydrometeor loss/convergence 

tfm Water vapor divergence, local atmospheric moistening, and hydrometeor gain/divergence; this rainfall 
type has no contribution to total rainfall in this study 

 
3  RESULTS 

Table 2 presents an analysis of percentage of 
rainfall amount from each rainfall type over total 
rainfall amount (PRA), which shows that the rainfall 
(TFm) with water vapor convergence and local 
atmospheric drying and hydrometeor gain/divergence 
is the largest contributor (30.2%) to total rainfall in 
SST29 (Figure 1), while Shen et al[8] found that the 
rainfall type TfM with water vapor divergence and 
local atmospheric drying and hydrometeor 
loss/convergence has the largest contribution (30.8%) 
to total rainfall in their simulation imposed by 
non-zero COARE forcing. TFm is the fourth largest 
rainfall contributor in SST29 in this study. While 
SST29 and COARE simulation show similar 
fractional rainfall coverage for TfM (FRC; ~35%), the 
mean surface rain rate of TfM is much lower in 

SST29 (1.10 mm h-1) than in COARE simulation 
(2.82 mm h-1); this appears to be from weaker 
hydrometer loss/convergence of water and graupel 
clouds in SST29 (2.13 mm h-1) than in COARE 
simulation (4.67 mm h-1). FRC of TFm is larger in 
SST29 (10.1%) than in COARE simulation (6.9%), 
whereas the rain rate of TFm is lower in SST29 (7.18 
mm h-1) than in COARE simulation (8.27 mm h-1). 
Thus, the expansion of rainfall coverage for TFm in 
SST29 and reduction of the rain rate in COARE 
simulation are responsible for the switch of the largest 
contributor to total rainfall from TfM in COARE 
simulation to TFm. The largest rainfall contributor 
from different rainfall types in SST29 and COARE 
simulation indicates that the large-scale forcing plays 
an important role in determining the largest rainfall 
contributor.

 
Table 2. Percentages of rain amount over total rainfall amount (PRA) for the rainfall with water vapor convergence 
(TFM+TFm+tFM+tFm) in this study and convective rainfall in Zhou and Li (2009) in five sensitivity experiments. Units: %. 

 SST29 SST27 SST31 SST29D1 SST29D2 
TFM+TFm+tFM+tFm 80.21 79.83 77.60 77.10 76.99 
Convective rainfall 56.92 54.62 61.64 60.27 61.33 

 
Although the rainfall type TFM in SST29 has the 

smallest rainfall coverage (3.4%), it has the highest 
rain rate (13.92 mm h-1) because all rainfall processes 
favor rainfall. As a result, TFM is the second largest 
rainfall contributor (19.4%). The largest water vapor 
convergence occurs in tFm in SST29, but the local 
atmospheric moistening and hydrometeor 
gain/divergence largely offset the water vapor 
convergence, resulting in moderate rain rate for the 
third largest rainfall contributor. 80.2% of total 
rainfall comes from the four rainfall types with water 
vapor convergence in SST29. Tfm and tfM have 
negligibly small contributions to total rainfall. 

The increase of SST leads to an increase of 
rainfall contribution by water vapor convergence 
(TFM+TFm+tFM+tFm) from 79.8% in SST27 to 

80.2% in SST29, but a decrease from 80.2% in SST29 
to 77.6% in SST31. The increase of SST from 27°C in 
SST27 to 29°C in SST29 leads to the increases of 
PRA for TFm and tFM, whereas the increase of SST 
from 29°C in SST29 to 31°C in SST31 results in the 
decreases of PRA for TFm and tFM (Figure 2). When 
the SST increases from 27°C to 29°C, the largest 
increase of PRA occurs in TFm, which is from 27.5% 
in SST27 to 30.2% in SST29. Although both 
experiments show similar rainfall coverage (10.1%), 
the rain rate is much higher in SST29 (7.18 mm h-1) 
than in SST27 (4.94 mm h-1). Thus, the increase of 
PRA for TFm is associated with the increase of rain 
rate, which comes primarily from the increase in water 
vapor convergence. The moderate increase of PRA for 
tFM results from the enhanced rainfall through the 
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increase in water vapor convergence and cloud water 
hydrometeor loss/convergence. When the SST 
increases from 29°C to 31°C, the rainfall contribution 
of TFm and tFM is reduced through the shrink of 
rainfall convergence. The rainfall contribution of TfM 
is increased when the SST increases from 27°C to 
31°C, but the increase of PRA is much larger when 

the SST increases from 29°C to 31°C than when the 
SST increases from 27°C to 29°C. The enhanced PRA 
of TfM results from the expanded rainfall coverage 
and intensified rainfall through the increase in local 
atmospheric drying and water hydrometeor 
loss/convergence.

 

 
Figure 2. Fractional rainfall coverage (FRC) and percentage of rain amount over total rainfall amount (PRA), and means of SP , 

WVTQ , WVFQ , WVEQ , CMQ , QCMC, QCMR, QCMI, QCMS, and QCMG of TFM, TFm, tFM, and tFm, TfM, Tfm, and tfM for 

SST29-SST27 (black) and SST31-SST29 (grey). Units are mm h-1 for SP , WVTQ , WVFQ , WVEQ , and CMQ  and % for FRC 
and PRA.

The inclusion of diurnal variation of SST with the 
diurnal difference of 1°C in the model simulation 
decreases the rainfall contribution of the rainfall with 
water vapor convergence from 80.2% in SST29 to 
77.1% in SST29D1. When the diurnal difference of 
SST imposed in the model increases from 1°C to 2°C, 
the rainfall contribution of the rainfall with water 
vapor convergence is barely changed (77.1% in 
SST29D1 and 77.0% in SST29D2). The inclusion of 
diurnal variation of SST with the diurnal difference of 

1°C in the model simulation in SST29D1 decreases 
the rainfall contribution of TFm and tFM (Figure 3). 
The reduction in rainfall contribution of TFm comes 
from the shrink of rainfall coverage whereas the 
reduced rainfall contribution of tFM results from the 
shrink of rainfall coverage as well as the weakened 
surface rainfall caused by the decreases in local 
atmospheric drying and cloud water hydrometeor 
loss/convergence. When the diurnal difference of 
imposed diurnal variation of SST increases from 1°C 
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in SST29D1 to 2°C in SST29D2, the rainfall 
contributions of TFM and TFm are increased but the 
rainfall contributions of tFM and tFm are decreased. 
As a result, the rainfall contribution of the rainfall 
with water vapor convergence is barely changed. The 
increases of PRA for TFM and TFm are associated 
with the expanded rainfall coverage and enhanced 
surface rainfall through the increases in local 
atmospheric drying and rain hydrometeor 
loss/convergence in TFM and the slowdown in 
hydrometeor gain/divergence from rain and graupel 
clouds in TFm. The decrease of PRA for tFM results 

from the shrink of rainfall coverage. The rainfall 
contribution of TfM is enhanced when the diurnal 
variation of SST with the diurnal difference of 1°C is 
included in SST29D1 but it is barely changed as the 
diurnal difference increases from 1°C in SST29D1 to 
2°C in SST29D2. The increase in rainfall contribution 
of TfM is associated with the expanded rainfall 
coverage and enhanced surface rainfall through the 
increases in local atmospheric drying and 
hydrometeor loss/convergence of water and graupel 
clouds.

 

 
Figure 3. Fractional rainfall coverage (FRC) and percentage of rain amount over total rainfall amount (PRA), and means of SP , 

WVTQ , WVFQ , WVEQ , CMQ , QCMC, QCMR, QCMI, QCMS, and QCMG of TFM, TFm, tFM, and tFm, TfM, Tfm, and tfM for 

SST29D1-SST29 (black) and SST29D2-SST29D1 (grey). Units are mm h-1 for SP , WVTQ , WVFQ , WVEQ , and CMQ  and % 
for FRC and PRA. 

4 SUMMARY 

The sensitivity of precipitation to sea surface 
temperature (SST) and its diurnal variation is 
investigated by analyzing the 10-day equilibrium 

model simulation data from a series of sensitivity 
experiments conducted by Gao et al.[6]. The 
experiments SST27, SST29, and SST31 are 
respectively imposed by the time-invariant SSTs of 
27°C, 29°C, and 31°C. The experiments SST29D1 
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and SST29D2 are respectively forced by the diurnally 
varying SSTs with the time-mean of 29°C and diurnal 
amplitudes of 1°C and 2°C. All experiments are 
imposed by zero large-scale vertical velocity and time 
and height invariant large-scale zonal wind. The 
grid-scale rainfall simulation data are categorized into 
eight rainfall types based on different rainfall 
processes using the surface rainfall equation derived 
by Gao et al.[7]. The results are shown as follows: 

(1) The largest contributor to total rainfall is the 
rainfall (TFm) with water vapor convergence and 
local atmospheric drying and hydrometeor 
gain/divergence in all of the experiments. 

(2) The rainfall contribution by water vapor 
convergence is increased as the imposed 
time-invariant SST increases from 27°C to 29°C, and 
is decreased when the SST increases from 29°C to 
31°C or the diurnal variation of SST with the diurnal 
difference of 1°C is imposed in the model. The 
rainfall contribution by water vapor convergence does 
not change as the diurnal difference of SST increases 
from 1°C to 2°C. 

(3) The increase of SST from 27°C to 29°C 
primarily enhances the rainfall contribution of TFm 
by intensifying surface rainfall through the 
strengthened water vapor convergence, whereas the 
increase of SST from 29°C to 31°C primarily reduces 
the rainfall contribution of the rainfall (tFM) with 
water vapor convergence and local atmospheric 
moistening and hydrometeor loss/convergence and 
TFm through the shrink of rainfall coverage. The 
inclusion of diurnal variation of SST with the diurnal 
difference of 1°C in the model primarily reduces the 
rainfall contribution of tFM by reducing rainfall 
coverage and surface rainfall through the decreases in 
water vapor convergence and cloud water 
hydrometeor loss/convergence. 

(4) Convective rainfall is usually associated with 
water vapor convergence. The comparison between 
this study and Zhou and Li[5] shows that the rainfall 
with water vapor convergence contributes more to 
total rainfall than convective rainfall does. This is 
consistent with the result in Shen et al.[8], in which the 
rainfall with water vapor convergence contributes 
2.04% more to total rainfall than convective rainfall 
does, but the differences in this study are significantly 
larger than that in Shen et al.[8]. The increase of SST 
from 29°C to 31°C and the inclusion of diurnal 
variation of SST decrease the contribution of the 
rainfall with water vapor convergence whereas they 
increase the contribution of convective rainfall. 
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