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Abstract Precipitation is an important climate quantity that is critically relevant to society. In spite of
intense efforts, significant precipitation biases remain in most climate models. One pervasive and persistent
bias found in many general circulation models occurs in the Tropical West Pacific where northern
hemisphere summer-time precipitation is often underestimated compared to observations. Using the
DOE-E3SM model, the inclusion of a missing process, convective gustiness, is shown to reduce those biases
through a net increase in surface evaporation. Gustiness in surface wind fields is assumed to arise
empirically in proportion to the intensity of convective precipitation. The increased evaporation can be
treated as an increase in the moist static energy forcing into the atmosphere. A Normalized Gross Moist
Stability (NGMS) framework (which characterizes the relationship between convective forcing and
convective response) is used to explore the processes responsible for the precipitation bias, and the impact
of the gustiness parameterization in reducing that bias. Because the NGMS of the Tropical West Pacific is
less than unity in the E3SMv1 model, the increase in energy forcing amplifies the increase in precipitation
to exceed that of the evaporative flux. Convective gustiness favors increased precipitation in regions where
the resolved surface winds are weak and convection is present.

Plain Language Summary The Tropical West Pacific is a region of very strong rainfall and weak
surface winds. Climate models often underestimate rainfall in the Tropical West Pacific during the summer.
The shortage of rain is related to the low amount of evaporation arising from the light surface winds in the
region. General circulation models have typically neglected gusts that are generated below evaporating
rain, but these gusts are known to create circulations that increase surface evaporation. Accounting for
these ‘‘gusty winds’’ increases surface evaporation in the model, which acts as a local source of moist energy
to the atmosphere, intensifying the circulation and surface rainfall amount. Including gustiness leads to a
more realistic rainfall pattern when compared to the real world.

1. Introduction

Rainfall reaching the surface is one of the most human-relevant components of the climate system. Accu-
rate modeling of precipitation in the current climate is a necessary step in understanding and projecting
how precipitation will change in a CO2-warmed world. There remain, however, deficiencies in climate mod-
els in the prediction of precipitation even in the current climate. Sperber et al. (2013) showed that model
precipitation biases in the Asian monsoon region have been particularly difficult to improve, with both the
CMIP3 and CMIP5 multimodel mean precipitation distributions being nearly identical across much of the
Tropical West Pacific and Indian Oceans.

Surface fluxes of sensible and latent heat have been shown to be sensitive to parameterization choices in
low wind conditions (Miller et al., 1992; Webster & Lukas, 1992; Zeng et al., 2002). One such low wind region
is just north of the maritime continent—which we refer to as the northern Tropical West Pacific (TWP).
Brunke et al. (2008) showed a strong sensitivity of the northern TWP precipitation to a skin temperature
parameterization in the Community Atmosphere Model version 3.1 (CAM3.1; Collins et al., 2006). They
showed that they could remediate much of a negative precipitation bias in the northern TWP in CAM3.1
through a modification to the ocean skin temperature parameterization that increased the surface latent
heat flux in that region. The CAM5 model (Neale et al., 2012) and the Energy Exascale Earth System Model
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(E3SM) versions 0 and 1 all have similar precipitation biases in the northern TWP to CAM3.1, though we
focus only on the E3SMv1 model in this manuscript.

In this work, we show that the inclusion of convective gustiness, a model parameterization designed to cap-
ture the increased surface evaporation in the presence of unresolved convective downdrafts, also reduces
the northern TWP precipitation bias. Making use of a Normalized Gross Moist Stability (NGMS) framework
(see, for example, Raymond et al., 2007, 2009), we identify the regions in the model where precipitation is
most susceptible to surface evaporation increases. The NGMS diagnostic indicates that an increase in evap-
oration (from gustiness) amplifies precipitation in the northern TWP region. NGMS also provides a frame-
work to understand the required response of the atmospheric circulation to convective gustiness. We
further discuss the response of the circulation to gustiness in terms of its seasonal progression, represented
as a monsoon circulation over the northern TWP region. An outline of the work presented in this manuscript
is as follows: in section 2, we document the data and methods used; in section 3, we provide the results of
our analyses (broken into the precipitation response, circulation response, and monsoon response), as well
as discussion thereof; and in section 4, we provide conclusions and final remarks.

2. Methods and Data

We use the Energy Exascale Earth System Model (E3SM) version 1 atmosphere model with a fixed monthly
varying climatological sea surface temperature (SST). All the inputs and boundary conditions (such as SSTs,
well-mixed greenhouse gases, and aerosol emissions) are representative of the year 2000. The model uses a
spectral element dynamical core with a horizontal grid spacing approximately equal to 1 degree. The model
employs the CLUBB higher order turbulence parameterization (Golaz et al., 2002a, 2002b; Larson et al.,
2002; Larson & Golaz, 2005) to unify the treatment of cloud macrophysics, turbulence, and shallow convec-
tion using probability distribution functions that describes the subgrid variability of model fields. CLUBB
therefore produces precipitation events associated with shallow convection, and resolved and unresolved
stratiform clouds. The Zhang-McFarlane parameterization (Neale et al., 2008; Zhang & McFarlane, 1995) is
used to represent a subgrid scale spectrum of deep convective cloud types. Both the control and experi-
mental simulations are run for 6 years, discarding the first year as spin-up.

A new parameterization is introduced to represent increased surface wind speeds often observed in the
presence of cold pools associated with evaporating rainfall in deep convection downdrafts. The surface
wind speed used in the surface heat flux calculations (sensible and latent) is increased in proportion to the
intensity of convective precipitation reaching the surface. The parameterization follows Redelsperger et al.
(2000) by adding a nonlinear term to the wind speed used in the surface evaporation computation:
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Here U0 is the resolved surface wind speed, Ug is the wind speed enhancement owing to convective gusti-
ness, and R is the convective rain rate at the surface. The parameterization of Redelsperger et al. (2000) for
convective gustiness is based on CRM modeling of TOGA COARE (Webster & Lukas, 1992) data. There is a
saturation of gustiness winds around 3 m/s occurring for rain rates above 6 cm/d, as noted in equation (1).
The parameterization only accounts for increases in wind speed, not the increase in sensible heat flux owing
to colder air within cold pools (the latter effect was shown to be secondary to the enhanced wind speed by
Jabouille et al. (1996). Likewise, drier air mixed into the boundary layer by downdrafts is also not a source of
enhanced surface evaporation. Redelsperger et al. (2000) also developed parameterizations based on
upward and downward convective mass flux, as well as a formulation for boundary layer convection. We
select the parameterization based on convective rain rate for simplicity, and opt to leave the boundary layer
formulation for future investigations because we expect deep convection to be more important in the
northern TWP region that we focus on. Gustiness is very important in the tropics where deep convective
precipitation dominates the total surface precipitation flux (see Figure 1).

Journal of Advances in Modeling Earth Systems 10.1002/2017MS001157

HARROP ET AL. 962



In this study, convective gustiness is only applied over ocean surfaces in the model. Over land, it is unclear
whether the complex surface can be well approximated by the Redelsperger et al. (2000) parameterization.
Vegetated surfaces, for example, may require a different parameterization to properly account for the
enhanced fluxes beneath convection. For model grid spaces that include a mix of land and ocean, there are
two separate surface flux calculations, and only those over ocean receive the enhancement owing to con-
vective gustiness.

We run two simulations: one without convective gustiness (control) and one with convective gustiness
(gusty). Because the precipitation bias in the northern TWP is dominated by errors during the northern
hemisphere summer, we restrict all of our analyses to the JJA season.

Figure 2a shows the mean JJA precipitation pattern bias of the control simulation compared with the CPC
Merged Analysis of Precipitation (CMAP) observationally based estimate (Xie & Arkin, 1996, 1997). The bias
pattern is similar when compared with other precipitation data sets such as the Global Precipitation Clima-
tology Project (Adler et al., 2003) though the magnitude differs (not shown). There is a clear underestimate
of JJA precipitation in the northern TWP region. The tropical rain belt remains fixed over the maritime conti-
nent during JJA in the control simulation, while it migrates to the north in observations.

Plots b and c of Figure 2 show both evaporation and precipitation increase owing to convective gustiness
in the northern TWP region. The increase in evaporation is unsurprising given the formulation of the

Figure 2. (a) Precipitation bias between control simulation and CMAP observations; (b) change in evaporation owing to convective gustiness (Egust 2 Ectrl multi-
plied by a factor of 2); (c) change in precipitation owing to convective gustiness (Pgust 2 Pctrl); (d) predicted change in precipitation owing to convective gustiness
following equation (11); (e) diagnosed precipitation change following equation (6); (f) contribution of precipitation change coming from changes in evaporation
(Ectrlðð11ðUg=U0Þ2Þ1=2Þð11ð1=CctrlÞÞ) ; (g) contribution of precipitation change coming from changes in ACRE (DACRE=LCctrl ) ; and (h) contribution of precipitation
change coming from changes in NGMS (ðr � ½vq�ÞctrlðDC=CctrlÞ). The storage terms in Figures 2d and 2e are negligible and not shown here. In each plot, ‘‘D’’ refers
to the difference between gustiness and the control. All plots are given in mm/d for JJA.

Figure 1. (a) Total JJA surface rain rate (mm/d) in the control experiment and (b) fraction of JJA surface precipitation
owing to convection in the control experiment.
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convective gustiness in equation (1), and we argue that this increase in evaporation is the main cause of
the increased precipitation, despite the increase in precipitation exceeding that of evaporation. Figure 2
(plots a and c) is comparable to Figure 9 (plots b and c) of Brunke et al. (2008), which used a different
parameterization change to influence this precipitation feature. The dry bias to the west of the Indochinese
Peninsula is improved, while there is little change just west of Sumatra. The precipitation increase over the
Bay of Bengal likely results from the precipitation moving northward and the feedback of that precipitation
enhancing evaporation to invigorate even more precipitation. It is unclear why there is little change in the
Indian Ocean just west of Sumatra. It may be that this bias is not the result of underrepresented surface
evaporation, but some other physical process.

It is important to note that we do not include the skin temperature parameterization used in Brunke et al.
(2008) here. It would be useful to know how precipitation responds to both parameterizations, as well as
quantify the importance of both, but we leave these questions for future work. Both Brunke et al. (2008)
and Miller et al. (1992) found similar precipitation responses to increases in evaporation in the northern
TWP, but did not offer a physical explanation for the underlying mechanism linking the increases in evapo-
ration and precipitation. Here we aim to understand that physical mechanism. Because the gustiness evapo-
ration enhancement is formulated to be a function of convective precipitation, we expect strong feedbacks
to occur between precipitation and evaporation. We do not aim to describe and predict the full scope of
those feedbacks, but instead seek the physical mechanism responsible for initiating the feedback process.

We have chosen to evaluate the model deficiencies, and mechanisms for its improvement by employing
the NGMS diagnostic framework of Raymond et al. (2009). NGMS is defined as the ratio of column-
integrated MSE divergence to column-integrated latent energy divergence, which can be related to energy
forcing, evaporation, and precipitation through the energy and moisture budget equations

C � 2
r � vh½ �

Lr � vq½ �52
FS2R2

@ h½ �
@t

LE2LP2L @ q½ �
@t

(2)

Here C is the NGMS, v is the 2-D velocity, h is the moist static energy (MSE), q is the specific humidity, L is
the latent heat of vaporization, square brackets denote the total column integral, Fs is the surface energy
forcing (sensible plus latent heat flux), R is the radiative cooling, P is the precipitation, and E is the evapora-
tion. NGMS is of interest here because it measures the relative importance of forcing changes to responses
in the moisture cycle. For example, if NGMS is positive and less than one, then an increase in forcing will
drive an even larger change in P-E (when measured in the same units) assuming that NGMS remains
roughly constant. The NGMS framework allows us to think of an increase in evaporation as an increase in
MSE forcing which can drive increases in precipitation exceeding the changes in evaporation.

Equation (2) can be rewritten to express precipitation as a function of the other terms in (2)
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Equation (3) can be used to derive an expression for DP assuming that the change in total energy forcing is
equivalent to the change in evaporative flux and Atmospheric Cloud Radiative Effect (i.e., D(Fs 2 R) �
LDE 1 DACRE, which is shown to be a reasonable assumption for these experiments in Figure 3) as:
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In the northern TWP region, the change in energy flux (D(Fs 2 R) 5 28.7 W/m2) is balanced 75% by LDE
(21.5 W/m2) and 29% by DACRE (8.2 W/m2), with a residual of 21.1 W/m2. Taking advantage of the defini-
tion of NGMS in equation (2) as:
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The storage terms (the third and fifth terms on the RHS of equation (5)) are negligible compared to the
other terms in equation (5) (negligible here means more than an order of magnitude smaller). Dropping
these storage terms gives the following equation for DP:
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DP � DE 11
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The latent heat of vaporization term is dropped in equation (6) for convenience since DP takes the same
units as DE and r�[vq]. Equation (6) provides an expression for diagnosing the change in precipitation
between the control and gusty experiments. The first term on the RHS of equation (6) is directly related to
the change in evaporation, which is precisely how convective gustiness operates on the model climate and
a term that we can predict using the gustiness formulation. Therefore, we next seek to frame DE in terms of
the gustiness formulation from equation (1). The bulk aerodynamic formulae for the two evaporative fluxes
(with and without gustiness) are:

Ectrl5qCDE U2
0

� �1=2
qs2qað Þ (7)

Egsty5qCDE U2
01U2

g

� �1=2
qs2qað Þ (8)

Since q, CDE, and (qs 2 qa) are the same in both equations, the predicted change in evaporation must come
from including the gustiness wind speed, Ug. In reality, the model uses Monin-Obukhov similarity theory to
predict the surface exchange of momentum, sensible heat, and latent heat fluxes. The bulk aerodynamic
formulae serve as a simple conceptual model for understanding the impact changing the surface winds
through convective gustiness has on the evaporation, as well as the subsequent changes in precipitation.
Additionally, the drag coefficient, CDE, is not constant within the model, but depends on wind speed. Offline
calculations suggest gustiness in the northern TWP may reduce the drag coefficient by roughly 20%. We
discuss the ramifications of this simplified model for predicting precipitation changes in section 3a. Thus,
within this simplified framework, the evaporation owing to gustiness may be written as a function of evapo-
ration from the control experiment and the ratio of gusty to resolved wind speeds.
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Finally, combining equations (6) and (10) gives a prediction for the response of precipitation to convective
gustiness:

Figure 3. Difference in (a) net energy forcing, (b) surface latent heat flux, (c) ACRE, and (d) residual between the gustiness
and control experiments. The values in the subtitles are the average for the northern TWP region (110–150E, 5–25N). All
values are for JJA.
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We use equation (11) to diagnose the expected changes in precipitation owing to convective gustiness in
the next section.

3. Results and Discussion

3.1. Precipitation Response
Plots b and c of Figure 2 show the evaporation and precipitation responses, respectively, owing to convec-
tive gustiness. Because we do not include gustiness over land in these simulations, we have masked out
any grid cells containing land in Figure 2 (except in plot a). Plots d and e of Figure 2 show the precipitation
change owing to convective gustiness predicted and diagnosed from equations (11) and (6), respectively.
For the prediction of DP, we use the 6 hourly output to compute the gustiness enhancement to evaporation
and compute the first term of equation (11) that way. For the diagnosed DP values in plot e, we take the
actual DE field shown in plot b (without the multiplication factor). Figure 2d shows the predicted change in
precipitation computed using equation (11). Comparing plots c and d of Figure 2, we see an increase in pre-
cipitation over the northern TWP region (110–150E, 5–25N) for both the actual change in precipitation
owing to convective gustiness and that predicted by equation (11). The same increase in precipitation
owing to convective gustiness is also diagnosed well by equation (6) (Figure 2e). To gain further physical
insight, the diagnosed precipitation change is separated into the three terms in equation (6). Figure 2, plots
f, g, and h, shows the diagnosed precipitation changes owing to evaporation, ACRE, and NGMS. It is clear
from comparing plots f, g, and h that precipitation in the northern TWP region increases owing exclusively
to the evaporation (DE) and ACRE (DACRE) terms. The change in NGMS between the two experiments actu-
ally suggests precipitation should decrease in the northern TWP (Figure 2h). In the control simulation,
NGMS is positive in areas of active convection (Figure 4) because there is divergence of moist static energy
collocated with convergence of moisture. Since C is positive and r�[vq] is negative, the decrease in precipi-
tation in Figure 2h implies an increase in NGMS in the northern TWP, and indeed NGMS does increase
slightly when convective gustiness is included in the model (not shown). The decrease in precipitation
related to the increasing NGMS (Figure 2h) is largely offset by the increase in precipitation related to the
increase in ACRE (Figure 2g). Both of these terms, however, are still much smaller in magnitude than the
term related to surface evaporation changes.

Predicted DP (Figure 2d) is approximately twice as large as the actual (Figure 2c) and diagnosed (Figure 2e)
DP for the northern TWP region. Likewise, the surface evaporative flux is roughly twice as large when com-
puted using the gustiness DE in equation (10) compared to the actual change in DE in the northern TWP.
This difference in surface evaporation is likely a shortcoming of our simplified model for surface evaporation

(using the bulk aerodynamic formulae in place of the Monin-Obukhov
similarity set of equations). Despite this limitation, the predicted DP
still identifies the importance of convective gustiness in driving
increases in precipitation in the northern TWP, verifying that this sim-
ple model is capable of predicting the regions that are sensitive to
gustiness. As mentioned above, the predicted change in precipitation
may be sensitive to the drag coefficient, CDE, which was assumed con-
stant in equation (11), but actually varies as a function of wind speed.
Taking into account variations in CDE changes the predicted precipita-
tion amount over the northern TWP from 5.8 to 4.8 mm/d, which is
still substantially larger than the actual value of 2.7 mm/d, but does
not change the spatial pattern of precipitation increase (not shown).
The predicted precipitation metric shows that while the magnitude of
precipitation change is sensitive to the total adjustment of the atmo-
sphere, the regions that are sensitive to surface wind speed changes
(through processes such as convective gustiness) can be identified
with the simple framework represented by equation (11).

Figure 4. Normalized Gross Moist Stability (unitless) for JJA in the control simu-
lation. Note that negative values of NGMS are possible, though we ignore them
here since they tend to occur outside of the deep convective zones of the
tropics.
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Since the first term in the RHS of equation (11) dominates the total response (compare Figure 2f with Fig-
ures 2g and 2h), the change in precipitation owing to gustiness must come from either the change in evap-
oration, the pattern of NGMS, or some combination of the two. To test whether the pattern of NGMS is
important, the change in precipitation is recalculated using a fixed NGMS (�0.4, equal to the average value
over the convective zones of the tropics—defined as those regions between 20S and 20N where total pre-
cipitation exceeds 2 mm/d). The difference in DP diagnosed using this fixed value of NGMS compared to
that using the true spatial distribution of NGMS is negligible (less than 0.05 mm/d over the northern TWP;
not shown). Thus, it must be the evaporation change—which primarily results from gustiness—that
accounts for the pattern change in precipitation predicted in Figure 2d. It is important to note that the
increase in precipitation owing to evaporation changes diagnosed in Figure 2f is much larger than the
actual evaporation changes in Figure 2b, implying most of the water supplying the increased precipitation
comes from increased moisture convergence, not local surface evaporation. In this sense, it is best to think
of the increased surface evaporation as an MSE source that enhances the circulation and increases precipi-
tation that way.

As can be seen by equation (6), the increase in precipitation owing to increased evaporation is modulated
by the NGMS. The northern TWP is a region where NGMS is between zero and one, meaning that the diver-
gence of MSE is smaller than the convergence of latent energy (LE). Increasing evaporation, and hence
latent heat flux, requires an increase in either (or both) local radiative cooling or divergence of MSE. Since
the radiative heating actually increases (owing to the increase in ACRE), the divergence of MSE must be
increasing. Under constant NGMS conditions, any increase in divergence of MSE must be met with a propor-
tionally larger increase in LE convergence. If we assume that the divergence of MSE is equal to the increased
evaporation by gustiness, then we can expect the increase in precipitation to exceed the increase in evapo-
ration, which it does—evaporation increases by 22 W/m2 (20%) and precipitation by 77 W/m2 (49%) over
the northern TWP. As we noted above, the increase in ACRE also contributes to the increase in precipitation,
but it is largely offset by increased NGMS which reduces the moisture convergence relative to MSE diver-
gence. Mathematically, this is obvious from the first term in the RHS of equation (6), but it is useful to con-
sider what it means physically. Instead of treating surface evaporation simply as a moisture source, treating
it as an energy source allows us to correctly diagnose the increase in precipitation owing to convective
gustiness in the model. As a source of MSE, the increase in surface evaporation requires an intensification of
the circulation to diverge more MSE. As can be seen in Figure 5, the increase in MSE divergence occurs in
the upper troposphere, with increased convergence at low levels, implying enhanced vertical motion, which
gives rise to the increase in precipitation seen between the two simulations.

Equation (10) suggests the largest increase in evaporation comes
from regions where the wind enhancement owing to convective gust-
iness (Ug/U0) is large. Figure 6a shows that the regions of low wind
speed are collocated with those predicted to show the largest
increases in precipitation (Figure 2c). Figure 6b shows these same
regions are where the gustiness wind speeds (Ug) exceed those of the
resolved circulation (U0). The northern TWP is one such region. It is
clear that convective gustiness produces precipitation enhancement
in regions where the climatological resolved wind speed is low and
where convection occurs. Earlier work (e.g., Zeng et al., 2002) has
shown evaporation to be sensitive to low wind conditions. Since our
analysis above has shown the changes in precipitation are dominated
by evaporation changes, then it is clear that the sensitivity of precipi-
tation to regions with low wind conditions comes directly from the
sensitivity of evaporation to regions with low wind conditions.

The model tends to underestimate the heaviest rain rates (see
Figure 7). Figure 7 shows the daily rain rate frequency for the northern
TWP region for the control and gusty simulations compared to Global
Precipitation Climatology Project One Degree Daily (GPCP 1DD; Huff-
man et al., 2001, 2012, 2016) over the same region. The model rains
too much at intermediate intensities (1–10 mm/d) and has too few

Figure 5. Change in MSE (colors) and divergence of MSE flux (contours) owing
to convective gustiness for JJA. Both h andr�(vh) are scaled by (1/Cp), where
Cp is the specific heat of dry air at constant pressure, such that Dh is given in
units of K and D(r�(vh)) is given in units of K/d. All values are zonally averaged
over 110–150E.
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dry days (defined as days where the rain rate is below 0.029 mm/d). It is interesting to note that convective
gustiness also increases the standard deviation of precipitation in JJA in the northern TWP (not shown). The
increase in variability comes from an increase in frequency of daily precipitation with intensity exceeding
8 mm/d and a decrease in daily precipitation intensity between 0.6 and 8 mm/d compared to the control
simulation (see Figure 7). It is beyond the scope of this work to explore the physical processes that give rise
to the change in variability. Still, it is important to point out that gustiness does not resolve every aspect of
the precipitation bias in the northern TWP region completely. While the mean bias shows large improve-
ment, the rain rate distribution still maintains large biases. The total precipitation is coupled to the energy
budget and mean overturning circulation, but the rain rate distributions are more sensitive to the model
representation of convective processes and less sensitive to the inclusion convective gustiness.

Our focus is on the northern TWP region and how convective gustiness improves the summer-time precipi-
tation bias there. The East Pacific ITCZ also shows an improvement in precipitation owing to convective
gustiness (an increase in precipitation where the model has a low bias in the control). Like in the northern
TWP, the increase in precipitation can be attributed to the increase in evaporation (largest term), an
increase in ACRE, with the sum of those two being offset by an increase in NGMS.

3.2. Circulation Response
Where NGMS is less than one, a circulation response to forcing produces
a moisture cycle response greater than that forcing. Since the increased
evaporation owing to gustiness may be viewed as a positive forcing to
the MSE budget, the atmospheric response may be viewed as a means
of diverging additional MSE through convective processes, which natu-
rally enhance local precipitation. Figure 5 shows gustiness increases MSE
throughout the entire column north of the equator, while simulta-
neously enhancing both low level MSE convergence and upper level
MSE divergence. The longitude range in Figure 5 is 110–150E.

It is important to recall that the predicted precipitation in Figure 2d
does not account for any feedbacks or other adjustments made by
the atmosphere as it moves into a new equilibrium. Therefore, we
cannot expect the predicted DP to match the actual DP shown in Fig-
ure 2c. We do, however, expect the predicted DP to highlight regions
where convective gustiness has the largest impact on precipitation,
which it does. As we noted above, the circulation adjusts to export
more MSE in the presence of convective gustiness. Equation (11) can-
not account for these circulation changes and how the new wind field,
and hence new evaporation field, will compare to the predicted

Figure 6. (a) Mean JJA resolved wind speed (m/s) in the lowest model level from the control simulation and (b) difference
between gustiness wind speed and resolved wind speed based on the terms going into equations (7) and (8). Both plots
are for JJA.

Figure 7. Rain rate frequency for control (blue solid) and gustiness (orange
solid) simulations compared with GPCP 1DD data (black dashed). All data are
for the northern TWP region (110–150E, 5–25N) for JJA.
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gustiness winds from the new convective precipitation field. The interplay of the circulation and precipita-
tion sets up a feedback loop where the two continue to evolve until a new equilibrium is reached. The diag-
nosed DP shown in Figure 2e bears a much closer resemblance to the actual DP in Figure 2c because the
evaporation field used in Figure 2e takes these feedbacks into consideration. Even then, Figures 2c and 2e
are not in perfect agreement, suggesting the few small scale differences there are not captured in our diag-
nostic framework.

There may be land regions, such as the Amazon where precipitation is underestimated (not shown), that
may benefit from including convective gustiness over both land and ocean as they fit the criteria of having
both convection and weak resolved surface winds (we plan to examine the potential of the gustiness
parameterization for improving the Amazon precipitation bias in future work).

3.3. Monsoon Response
While we have focused on JJA for the above analyses, it is worth stepping back to note that the northern
TWP region has a strong seasonality of precipitation, with a monsoon-like distribution peaking in local sum-
mer. There are a number of available metrics for quantifying the fidelity of monsoon precipitation. One
such metric is the difference between summer and winter precipitation (JJAS-DJFM) which is the dominant
annual mode of variability for monsoon systems (Wang & Ding, 2008). The observed difference in JJAS-
DJFM precipitation for the northern TWP region (defined here as 5–25N, 110–150E) is estimated by GPCP as
3.7 mm/d and by CMAP as 5.8 mm/d. In the control simulation, JJAS-DJFM precipitation for the same region
is 20.6 mm/d, while in the experiment including convective gustiness that difference jumps up to 2.3 mm/
d. A similar metric that accounts for the magnitude of the annual precipitation is the Monsoon Precipitation
Index (MPI; Wang & Ding 2008). The MPI is defined as

MPI5
MJJAS2NDJFM

Annual mean
(12)

For the northern TWP region, MPI estimated by GPCP is 0.61, estimated by CMAP is 0.74, in the control simu-
lation is 20.04, and in the gustiness experiment is 0.33. For both the simple JJAS-DJFM metric and the MPI,
the control simulation dramatically under-predicts the seasonal cycle of precipitation. While including con-
vective gustiness shows a major improvement, the seasonality is still weak compared to both observational
data sets.

4. Conclusions

We have shown that convective gustiness is capable of increasing precipitation north of the maritime conti-
nent—the northern TWP region. This precipitation increase occurs because the northern TWP is a region
with both convection and low climatological resolved surface winds, making it sensitive to increased evapo-
ration from convective gustiness. These results point to low evaporation being responsible for the underes-
timate of precipitation in the northern TWP. While observed evaporative fluxes carry large uncertainties, the
evaporation in the northern TWP region in the control simulation is less than that estimated by the Woods
Hole Oceanographic Institute Objectively Analyzed Air-sea fluxes Project (Yu et al., 2008; not shown). Our
results suggest that correcting this underestimate in evaporation is important for accurately simulating the
Boreal summer precipitation pattern in the northern TWP.

The increase in evaporation owing to convective gustiness may be interpreted as an energy forcing to the
atmosphere within a Normalized Gross Moist Stability framework, which produces an increase in precipita-
tion. The NGMS framework correctly identifies regions such as the northern TWP where precipitation
increases should be sensitive to convective gustiness. This work also highlights the importance of properly
simulating the surface fluxes of heat and moisture and the continued need for observations to constrain
the flow of energy through the atmosphere.

While the increase in evaporation improves the mean precipitation, biases remain in the rain rate distribu-
tion, suggesting additional work will be needed to fully rectify the precipitation biases present in the north-
ern TWP. Additionally, the inclusion of convective gustiness changes the TOA radiation balance, which will
require retuning of the model. While it is expected that tuning will alter the magnitude of the precipitation

Journal of Advances in Modeling Earth Systems 10.1002/2017MS001157

HARROP ET AL. 969



response to gustiness, the physical processes by which evaporation acts to enhance precipitation should
remain consistent with the results presented in this work.

While our work focused on the northern TWP, our analysis also suggests the Amazon region should exhibit
similar sensitivities to processes like gustiness. The Amazon region, much like the northern TWP, is a region
of weak large-scale winds (see Figure 6) and convective precipitation dominates the total surface precipita-
tion flux (Figure 1). We did not, however, include gustiness over land as it is not expected to have a strong
influence over the northern TWP which is mostly open ocean, and is therefore beyond the scope of this
work. A thorough analysis of the role of gustiness for the Amazon basin is left to future work.
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