For Author useonly, not for submissior
Soil moisture impacts on convective margins
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ABSTRACT

An idealized prototype for the location of the margins opigal land region convection zones is extended to incotpdtee effects
of soil moisture and associated evaporation. The impactaga@ration, integrated over the inflow trajectory into tieewection zone,
is realized nonlocally where the atmosphere becomes faleota deep convection. This integrated effect producessffais” of land
surface-atmosphere coupling downstream of soil moistoneliions. Overall, soil moisture increases the varigbif the convective
margin, although how it does so is nontrivial. In particutiiere is an asymmetry in displacements of the convectivgimaetween
anomalous inflow and outflow conditions which is absent whehnsoisture is not included. Furthermore, the simple casesented
here illustrate how margin sensitivity depends stronglyheninterplay of factors including net top-of-the-atmosghradiative heating,
the statistics of inflow wind, and the convective parameétion.

1. Introduction influences the climate system. Soil moisture directly im-
. pacts surface-atmosphere energy fluxes through evapo-
As transition zones between strong and weak mean pregation, which modulates the partitioning of the surface
cipitation regimes, the margins of tropical land region energy budget (Charney, 1975; Shukla and Mintz, 1982;
convection zones experience significant variability. In- payworth and Manabe, 1988). Soil moisture further con-
terannually, some of the most severe droughts ocCUkyraing vegetative characteristics, thereby impactimg su
as localized spatial shifts in the margins of convection, e narameters like albedo and surface roughness that in
zones. Moreover, the tropical hydrologic cycle sig- v, affect surface radiative properties and turbulent ex-
natures of greenhouse gas-induced climate change 3hanges of energy, moisture, and momentum (Xue and
simulated by models are often strongly localized along gpkja, 1993). The persistence of soil moisture on sea-

particular convective margins, albeit with significant g5 (or longer) timescales provides a source of mem-
intermodel differences regarding precisely where suchOry to the climate system (Vinnikov et al., 1996).
changes occur (Williams et al., 2001; Douville et al.,

2002; Johns et al., 2003; Soden and Held, 2006; Neelin  Much interest has focused on soil moisture’s influence
etal., 2006; IPCC, 2007; Chou et al., 2008). on precipitation and its variability, especially the pisit
Given the variability inherent to convective margins, feedback through which anomalous precipitation condi-
there is a need for detailed mechanistic understanding ofions are self-sustained and amplified by the land sur-
the factors controlling their behavior. In previous work, face state. The existence of such feedbacks has impli-
Lintner and Neelin (2007; hereafter LNO7) developed cations for predictability and long-range forecast skill,
a simple prototype to describe convective margins un-e.g., the two-way interactions between the land surface
der idealized conditions of low-level dry air inflow into and atmosphere are thought to play a role in the persis-
a land region from an adjacent ocean. The LNO7 pro-tence of drought conditions over land regions (Hong and
totype demonstrates how the characteristics of such inKalnay, 2000; d’Odorico and Porporato, 2004). Obser-
flow convective margins, e.g., the location of the transi- vational studies based on large-scale irrigation projects
tion between nonconvecting and convecting conditions,(Stidd, 1975; Barnston and Schickedanz, 1984; Moore
depend on dynamic and thermodynamic variables, in-and Rojstaczer, 2002), soil moisture field measurement
cluding low-level circulation, inflow moisture, and tro- networks (Findell and Eltahir, 1997 and 1999), and
pospheric temperature. precipitation persistence statistics (Taylor et al., 1997
For simplicity, the LNO7 analysis neglected the effect Taylor and Lebel, 1998; Taylor et al., 2003; Koster
of land surface conditions such as soil moisture on con-and Suarez, 2004) point to the operation of the soil
vective margins and their variability. Of course, the ca- moisture-precipitation feedback in nature. General cir-
pacity of the land surface to retain moisture significantly culation model (GCM) also manifest the soil moisture-
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precipitation feedback (Atlas et al., 1993; Beljaars et plexity model of the tropical troposphere. An advan-
al., 1996; Zheng and Eltahir, 1998; Pal and Eltahir, tage of QTCM1 over conventional GCMs is the simplic-
2001, 2003; D’Odorico and Porporato, 2004), althoughity of the model framework: QTCM1’s relative trans-
fundamental questions remain regarding the feedback’'parency facilitates diagnosis in ways that are not always
magnitude and sensitivity to model parameterizationsfeasible or straightforward with GCMs. The simplicity
(Koster et al., 2004; Dirmeyer et al., 2006; Wu et al., of QTCM1 has rendered it a useful interpretive tool in
2007; Steiner et al., 2008). elucidating many tropical climate phenomena, including

One feature of the soil moisture-precipitation feed- tropical ocean-atmosphere coupling (Su et al., 2003), El
back that has emerged from recent model studies is th&lifio/Southern Oscillation (ENSO) tropical teleconnec-
occurrence of localized regions— “hotspots™of strong tions (Neelin and Su, 2005), climate sensitivity to global
land surface-atmosphere coupling (Koster et al., 2004warming (Chou and Neelin, 2004), intraseasonal vari-
Guo et al., 2006; Notaro, 2008). Within the Tropics, ability (Lin et al., 2000), monsoon climates (Chou and
such hotspots typically appear in the transition zones beNeelin, 2003), and vegetation-atmosphere interactions
tween the wettest and driest mean climates. Koster et al.(Zeng et al., 1999).

(2004) stressed the role of soil moisture in producingthe For all QTCM1 simulations considered below, we
locally intensified soil moisture-precipitation coupling have implemented a land surface model consisting of
Within the driest regions, evaporation exhibits signifi- a simple bucket formulation, with evaporatidn lin-
cant sensitivity to soil moisture but overall evaporative early proportional to potential evaporatiéi, i.e., £ =
rates are small, with limited potential to affect precipi- 5(w)E,, where the evaporation efficiengy(w) is a
tation. Within the wettest regions, soil moisture pertur- function of the soil wetness. The latter is a dimension-
bations cause only small variations in evaporation, sincdess quantity obtained by normalizing the soil moisture
the sensitivity of evaporation to soil moisture diminishes content by the holding capacity,; w ranges between 0
as the surface approaches saturation. It is somewhere bend 1, withw = 0 (= 1) representing a completely dessi-
tween the wettest and driest extremes that soil moisturecated (saturated) surface, althougteffectively maxi-
perturbations are most conducive to driving variations in mizes at values< 1 because of constraints imposed by
precipitation. atmospheric thermodynamics. In our implementation,

Although the role of atmospheric dynamics and con- 3(w) = w andwy = 150 mm unless otherwise stated.
vection is inherent in this view of hotspots, the focus of The total surface runoff is modeled as P, where P
the present study is to elucidate the atmospheric side ofs precipitation. Although this bucket model formula-
land-atmosphere coupling. In particular, we consider cir-tion neglects many of the features necessary to provide a
cumstances under which the large-scale inflow air masgully realistic picture of land-atmosphere coupling, it is
characteristics into a land region convection zone modu-sufficient for illustrating the mechanisms examined here.
late precipitation along the convective margin, with an  We consider first a set of experiments motivated by
emphasis on diagnosing the interplay of margin vari- approaches to investigate soil moisture impacts in prior
ability and the underlying surface conditions. Since studies (e.g., Koster et al., 2004). In particular, we
our principal objective is to develop basic insights into performed a control simulation (CTL) and a sensitiv-
soil moisture influences on convective margin variability, ity simulation in which5(w) was fixed to a climatol-
we develop analytic prototypes to illustrate mechanisms.ogy that produces the same mean evaporation as CTL,
We also employ an intermediate level complexity modeli.e., 5(w)* = [8(w) 4+ B(w)' E}/Ep]crr (“fixed 37).
coupled to a simplified land surface scheme. What thisHere, overbars and primes denote time-means and devi-
model lacks in terms of realism is leveraged against theations from time-means, respectively. Each simulation
ease with which it can be analyzed and interpreted, al-was forced with imposed climatological monthly-mean
though even the simple cases considered manifest norsea surface temperatures (SSTs), such that the variability
trivial behavior. We further explore the extent to which present arises solely from QTCM1'’s internal dynamics.
the results of this analysis may be applied to the analysisThe simulations were performed at a horizontal resolu-
of more complex models as well as the observations. tion of 1.40625 x 1°, with output saved as 5-day (pen-
tadal) means for 25 years.

The standard deviations of 3-month seasonal mean
precipitation values for tropical South America in the
CTL simulation ¢¢71) indicate the largest variabil-
The model used is the Quasi-equilibrium Tropical Circu- ity occurring not at the highest mean precipitation rates
lation Model 1 Version 2.3 (QTCM1; Neelin and Zeng, (here> 14 mm day !) but rather at somewhat lower val-
2000; Zeng et al., 2000), an intermediate level com-ues (4 - 10 mm day'), i.e., along the margins of strong

2. Soil moistureimpact inferred from an inter medi-
atelevel complexity model
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seasonal convection zones (Figure 1la). A convectivanvoking the constraint (3) yields an expression for the

margin of the type considered by LNO7, i.e., low-level horizontal convergence,i.e.,

inflow from an adjacent ocean region into a land region,

occurs in northeastern South America during boreal au- Vv =M Ry — uq0aq] (4)

tumn (September-November). An important caveat here o ] )

is that QTCM1, like many models, exaggerates the re|_V\{h|ch upon substitution into the moisture equation (2)

ative importance of convective margin variability, since Yields:

the model simulates too little high-frequency variability

in the interior of the convection zone (Lin et al., 2000).
The ratio ofocrr, 10 03, provides a measure of

the importance of interactive soil moisture variations

to total precipitation variability in QTCM1 (Figure 1b;

shaded contours). Generally, the largest increases o

precipitation variability by soil moisture are localized t V- Ve = M7 Rypq — B (6)

the convective margins, although there is sizable spatial )

variation in the effect. The geographic distribution of The nonconvecting region moisture equation is then:

the interactive soil moisture amplification of precipita-

tion variability over tropical South America is broadly Ug02q = MypqMs ' [Ripa — E] + E @)

consistent with the pattern of soil moisture-precipitatio

coupling hotspots evident in prior studies (c.f., Figure 1 From (7), it can be seen thdf has two effects that tend

of Koster et al., 2004 for a comparison to JJA). Other re-to cancel. On the one hand; > 0 corresponds to a

gions of substantial soil moisture-precipitation couglin  source of tropospheric moisture, while on the otlgr;

in QTCM1 include the Sahel region of Africa and north- 0 offsets the effect of net energy input at the top of the

ern Australia (not shown). QTCM1’s ability to simulate atmosphere®;,, > 0), reducingV - v,,.. Combining

hotspots means that the model has some utility in diagthe terms inE' shows the effective contribution @f is

nosing hotspot genesis, a topic to which we return later.scaled by a factor oft — M,,qM, ") = MM, ™"

In the following section, we employ an analytic proto-  For the idealized steady-state convective margin so-

type to address modifications to convective margin be-lution of LNO7, E' in the nonconvecting portion of the

havior in the presence of soil moisture and evaporation. domain was set to zero, sinee = 0 in the absence of

recharge by precipitation. However, realistic situations

for which F is nonzero are encountered on seasonal or

subseasonal timescales, as with the annual cycle move-

ments of land region convection zones, since the decay

a. Set-up time forw is of order a few months.

P =F —ug0,q(1 + Myq/M) + MypqRioa /M (5)

Here M = M;— M,,q denotes the gross moist stability.
For nonconvecting regions, witR = 0, it is instruc-
jve to consider instead

3. Incorporating evaporation into the convective
mar gins framewor k

Th? vertically—gveraged trp pos'pheric temper.ature andD. Shift of the convective margin associated with an im-
moisture equations, as defined in LNO7, but with the ad- posed evaporation in the nonconvecting region

dition of evaporation and an explicit surface energy con-

straint, are: It is notationally convenient to recast (7) as
MV v =P+ Rouf+Rioa+H (1) 0vq = Ap()g =u, E (8)
—(Mgpq)V - v = —ugdyq+E—P (2)  where
Rerf+E+H=0 3) Mg (@) = Mop(Muq) ™ [Rioa — E] (9)

whereR,,, s and R;,, are, respectively, the net surface Ag(z), which is in units of length?, can be interpreted
and top-of-the-atmosphere shortwave plus longwave raxzs the |ocal spatial rate of moisture increase along an
diative heating s is evaporation (or evapotranspiration); inflow trajectory associated with moisture convergence.
H is sensible heat fluxi”> precipitation, i.e., convecting For arbitrary Ry,q(z) and E(z), integrating (8) be-
heating in (1) or drying in (2)u, is the projection of  yyeen the inflow position (at,) andz yields:

the windfield onto the vertical structure of moisture, and

Mg and M, = M,,q are dry static stability and mois- N A - o

ture stratif?cation,qz;espectively. Adding (1) and (2) and a(x) = *g(xo) +/ e~ M ug B(a')da'] (10)

Zo
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where A(z) = f;o Ag(2’)dz’. The second term in roughly analogous to the x-axis in Figure 2a.) With the
brackets on the right-hand side of (10) represents thecaveats that (12) strictly applies to steady-state condi-
spatially-integrated effect of evaporation across the non tions and simplified inflow geometries, increased margin
convecting region. For illustrative purposes, taking sensitivity is anticipated to occur at particular locaton
R:..(z) and E(z) as constants in the nonconvecting re- dictated by the interplay of the various control factors.
gion, (10) yields (setting, = 0),
c. Asymmetric displacements of the convective margin
under anomalous windfield perturbations

)\EI

q(z) = (g0 + qe)e™"" — qp (11)
where go is the inflow specific humidity andz = Having considered the shift in. that occurs with in-
(ughp) " E = M.E/Mgy(Rioa — E) is @ moisture  clysion of evaporation, we now discuss the related issue
scale associated with evaporation and convergence. Ibf margin variations to imposed windfield perturbations
E > Ry, leading to divergence in (6), the moisture du, in the presence of nonzetd®. The starting point

scale associated wity; (with sign reversed) represents s the mean state of LNO7, with'(z) = 0 outside of
the value of moisture for which evaporation and moisturethe convecting regiom( < z°) and E(z) = E inside
divergence balance, with the infloyy decaying toward (. 29). ’

it. On the other hand, under conditions wih< Ry, For anomalous outflows, < 0), the low-level wind
moisture increases exponentially along the inflow trajec-perturbation induces the margin to move toward the in-
tory. We point out thay; increases moisture along the flow point, over a dry surface. The solution is thus iden-
inflow trajectory; however) g is smaller, relative to no-  tjcal to LNO7, but Withu, — g + Sug; thus,

evaporation conditions, which reducgsThis behavior

reflects the compensation between moistening directly ~ dz. = (Suq/uq) Ay ' In(qe/q0)  [outflow]  (13)

associated withr and lowered convergence indirectly E | infl b h
associated with changes to column flux forcing. or anomalous inflowdu, > 0), by contrast, the mar-

For a temperature-dependent convective thresholog"f].WIII be shifted away from the !nflow point, over a
condition in moisturey. (7, the convective margin oc- residually wet surface. From (10), it can be shown that

curs at: 1
6xc = (1+6ug/ug) 25" In] 5u /—(qua/uqc) | [inflow]
e = A5 nl(aoT) + 40 /(0 +ar)]  (12) B )
As illustrated in Figure 2a, for a giveRyo,, 22 de-  INthelimitdug/uq — 0,(14)is, tofirstorderimu, /uq,
creases a¥ increases, i.e., the margin shifts closer to o 1 _
the inflow point. The displacement of the margin toward 0xc R o (0uq/Uq)q (M, = M, B/ (M, Re) [inflow]
the inflow point implies that the direct moistening effect (15)

of F in ¢g dominates over the reduction of convergence Equation (15) looks like (13), but modified by a factor
in Ag. In terms of the dependence of (12) on top-of- 5f . — [1+ (M, — M, )E/(M,, Rise)]~". Since all
the-atmosphere radiative heating, /2g., is increased,  terms ink are positivex < 1, which means that fofu,,
!’ moves closer to the inflow point, since larg8.. of given magnitude, the, displacements for anomalous
enhances vertical moisture convergence. Further, Figinflow conditions are smaller than for anomalous out-
ure 2b show stronger sensitivity of” to the inclusion  fiow conditions. Such asymmetric displacements arise
of evaporation with’z small, with larger sensitivity of  from the distinct surface states encountered under inflow
! to E perturbations for a specified value Bfwhen  ang outflow perturbations: with the former air masses
Rioq is small. Note that while the value gf; becomes  approaching the convective margin interact with a wet
large asRi,. — E, the value ofr. becomes large as  gyrface near the margin, which enhances the moisture
Rioq — =My, M7 'E, whereMy, = M,q.(T). loading of the inflow relative to what it would be upon
Based on these results, convective margin sensitivityransiting over a dry surface. The residual moistening al-
to £ in models or observations should be strongly af- |o\s ¢, to be met earlier along the inflow trajectory. For

fected by the relative values dt;,, and E. Moving  typjcal (QTCM1) values ofF, Ry, M, ,andM, k ~
poleward from the TropicsR,,, varies as a result of the 5. 75 ¢

latitudinal variation in top-of-the-atmosphere insajatj

in the winter hemisphere, or during the equinoctal sea-y
sons, the meridional decrease of top-of-the-atmosphere’
insolation causes;,, to become small and, at some The prototype effectively assumes time-independent sur-
latitude, to change sign. (Such latitude dependence idace states; in reality, the surface adjusts to the mar-

Timescale for margin adjustment
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gin displacement, e.g., the initially wet surface encoun-location ofz. in the steady state, defined relative to the
tered under anomalous inflow conditions will begin to land-ocean interface at = 0. The principal impact of

dry as evaporative demand diminishes soil wetness. Théhe imposed perturbations is a smoothing of the precipi-
timescale for margin adjustments,,..q:», iS approxi-  tation profile: the imposed perturbations essentially dis-
mately sz, /u, ~ (5uq/uq)w, which is of  place the edge of the convection zone back and forth,

My, (R—E)
order30(6uy/u,) days for theqf:onfiguration discussed Stuch that for the mean over a large number of perturba-

in the next section. On the other hand, the evaporativeiOns, & smoothly tapered profile emerges.
timescaleyg, is approximately%, whereL g is the

latent heat of vaporization and Sotential evaporation isb. Fixedg and no-wetness memory experiments
approximately constant. Fadf, of order 100 Wnr?,
andwy =150 mm,rg = 45 days. For small wind pertur-
bations (i.e.30(duq/u,) << 45 days), the margin will

To demonstrate how soil moisture impacts the variabil-
ity of the convective margin, two sensitivity experiments
effectively adjust before the surface state is substédytial were andUCte(_j' One sen_smwty case |mple_mented fixed
altered. At lower (e.g., seasonal) frequencies, the surﬁ conditions, with thes estmated (asin _Sect|on 2) from
face evolution may play a role, as considered in SectionSTND' The oth.er u§eﬂ7 estimated functionally frgniP.

6. Also, for regions Wher®o, — E, Tmargin becomes at each land gridpoint through &6order polynomial fit

large, so that the atmospheric adjustment timescale ma e@wzeen the meas and P f!el_ds obt_amed from STND. .
become non-negligible relative tg,. his “no wetness memory” simulation suppresses resid-

ual soil moisture anomalies associated with pftband
is effectively equivalent to takingy —0.

4. Implications of soil moisture for high-frequency Under fixeds conditions, there is little impact on the
variability of the convectivemargin mean precipitation profile (Figure 3; solid blue line);
a. Idealized QTCML1 configuration however, there is a reduction @f (dashed blue line) by

up to 20%. For the no wetness memory case, the mean
In this section, the results of several idealized QTCM1 precipitation profile (green line) is lowered in the tran-
simulations designed specifically to provide insights into sition to the strongest precipitation values. The change
soil moisture impacts on convective margins are dis-in mean behavior of this simulation can be understood
cussed. The model set-up here consists of an equatan the context of the prototype results of Section 3b: by
rial, zonal strip half occupied by a single ocean and eliminating residual soil moisture outside of the convec-
land region. For the ocean region, uniform SST wastion zone—and thus any evaporative moistening from the
imposed. Top-of-the-atmosphere insolation and sur-surface—the mean inflow into the convection zone is drier
face albedo values were set to mean April conditions atcompared to either the STND or fixgticases, resulting
the equator. Also, the tropospheric temperature equain reduced mean precipitation values near the convec-
tion was cast assuming the weak temperature graditive margin.ocp of the no wetness memory case (dashed
ent (WTG) approximation, where horizontal gradi-  green line) is enhanced relative to STND, especially on
ents in radiative and turbulent fluxes and temperaturethe strongly-convecting side of the profile.
advection/diffusion are neglected (Sobel and Bretherton,
2000). Iq egch simu_lation disc_ussed below, the temperaz  Anomalous inflow/outflow asymmetry
ture profile is prescribed to a fixed value.

Under steady state conditions, the idealized QTCM1For the no wethess memory case, honzero evaporation
tropical strip simulation yields a single convection zone occurs locally during a particular model timestep only if
symmetric about the mid-point of the land region. To P is nonzero at the same location during that timestep.
generate variations in the convection zone, spatially-If P ceases—as, for example, when the windfield pertur-
uniform, Gaussian-distributed stochastic wind perturba-bation shifts the convective margin—the soil moisture im-
tions were imposed in the model’s moisture advectionpact (and hencg) is instantaneously removed. Relative
scheme. For computational and diagnostic simplicity, to the STND case, a negative (inflow) windfield pertur-
the perturbations were added to the barotropic compobation of given magnitude results in a greater westward
nent of the total windfield over 10-day intervals. The displacement of the margin, since the effect of residual
resulting precipitation profile, averaged over 500 pertur-w outside of the convecting region is eliminated. Fig-
bations, appears in Figure 3 (solid red line; hereafter,ure 4a, which displays.. values bin-averaged by the
we refer to this simulation as STND). Note that the  windfield perturbationsjug, underscores this behavior,
coordinate shown here is normalized relative to the non-as ther, values of the STND (red) lie below the no wet-
perturbed precipitation profile: = 1 corresponds to the ness memory values (green) féw, <0. For fixeds,



the z. values forduy < 0 also lie below those of the oration and precipitation variances as inferred from soil
no wetness memory case (blue). However, the scattemoisture balance (Budyko, 1974; Brubaker et al., 1993;
in the dug-z. relationship for fixed3 is attenuated rela- Koster etal., 2000, 2001; Wu et al., 2007). Here, we con-
tive to STND. The change im. variability confirms the  sider a budgetary decomposition of precipitation vari-
significance of interactive soil moisture perturbations to ance from the atmospheric side in order to highlight
determining precisely where the transition from noncon- more explicitly the role of atmospheric processes in the
vecting to convecting conditions occurs. generation of hotspots. Of course, while budgets can
Comparing the idealized QTCML1 results to the an- provide powerful insights into underlying mechanisms,
alytic prototype of Section 3 demonstrates favorableit may be challenging to tease apart (direct) causal agents
agreement. Assuming no effect from soil moisture (or from (indirect) feedback processes, e.g., the magnitude
evaporation) outside of the convection zone, the analyticof a budget term does not necessarily indicate causality.
solution (black) closely matches the no wetness memonAs will be seen, interpretation of the precipitation vari-
case, although the slope of the predicied-zx. relation- ance budget is not completely straightforward even for
ship is a little too steep. This discrepancy is largely at- the idealized set-up considered here; however, viewing
tributed to non-leading order spatial structure neglectedhe budget in conjunction with margin variations proves
in the analytic solution, e.gR;,, andM, are not strictly  instructive.
uniform. When the effect of residu is included, the From the moisture equation (2), the precipitation vari-
analytic slope (gray) is reduced for anomalous inflow ance budget is:
conditions, with the value approximately matching the
fixed 8 (or STND) results.

As was noted in Section 3b, the value Bf,, can o2 —
affect the sensitivity of the convective margin. Repeat- P ) ) )
ing the STND, fixed3, and no wetness memory sim- O + 0 0,0, T OMypqvvt
ulations with R;,, reduced (by lowing net top-of-the- 2cov(E, —uq05q) + 2cov(E, MgpqV - v)+

atmosphere insolation) underscores this sensitivity-(Fig
ure 4b). Much of the increased scatter in thg-z. re-
lationship (as evidenced by the larger standard errors) is 9 . ) 9
. : ; . Here,o% denotes the variance of, defined agr =
associated with a lengthening®f ... 4:» OWiNg to the re- 9 ' 1 .
(N? — N)7'8(4;,— < A >)?, where< A > is the
duced convergence. However, despite the increased vart, " larl h
ability, the anomalous inflow/outflow asymmetry again average ofd. Similarly, cov(4, B) denotes the covari-
’ ance ofA andB, cov(A,B) = (N? — N)~'%(A;—

emerges. The analytic results suggest an increase in thﬁ ~)(Bi— < B >). We emphasize that, for the ideal-

separation of slopes in the absence and presence of resid-
ized S|mulat|ons analyzed here, the perturbative forcing
ual moisture. However, the mismatch between the ana-

lytic solutions and simulated data is much larger in the is explicitly prescribed and is thus knowrpriori.
reducedR;,, case, which likely reflects both a greater

sensitivity to the spatial structure of the fields and the .  Moisture convergence and advection
longer atmospheric adjustment.

2c0v(—uq0,q, MapgV - v)  (16)

Longitudinal profiles of the terms in (16) for the STND
and fixeds simulations (Figures 5a and 5b) demonstrate
that the variance associated with moisture convergence,
aﬁ/[qpqv_v (orange line), is typically the largest term. The
The diagnostic discussed in this section, the precipita-dominance of moisture convergence is especially evi-
tion variance budget, represents one that can be readilglent on the strongly-convecting side of the profile where
estimated from GCM outputs and is therefore a usefuloﬁ%)qv,v constitutes up to 90% af? (black line). On
metric for model intercomparison. Approaches basedthe other hand, the variance associated with horizontal
on budgetary constraints have gained widespread usgoisture advectiong?, , . (red line), contributes little

in studies of tropical precipitation: example applica- to the total precipitation variance.

tions include mechanistic analysis of the ENSO tropi- At first glance, the small variance contribution by hor-
cal teleconnection (Lintner and Chiang, 2005; Neelin izontal moisture advection may appear counterintuitive:
and Su, 2005) and attribution of global warming im- after all, it is through moisture advection that the pertur-
pacts (Chou and Neelin, 2004). Many studies of landbation forcing is imposed in the model. However, the
surface-atmosphere coupling have also employed budapparent smallness of LR relative tos% can be rec-
getary analyses, especially the connection between evapnciled with the expectatlon that it should be larger by

5. Diagnostic interpretation of convective margin
variability
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using the relationship (4) to expand the variance of mois-(since#’ = 0), but the magnitude of this term (0.2 mm
ture convergence: day2) is considerably reduced relative to its value in
STND (9.6 mnt day2). This behavior illustrates a cau-
i;qpqv‘, ~ Y oRerﬂy o_u 9 q+2ﬂy cov(Rioa, —uq0:q) tionary aspect of budgetary approaches, namely that they
(17) may obfuscate underlying physical mechanisms through
wherey = M,,q/M. Although fluctuations iny con-  covariances and compensation between terms.
tribute tOUM qov-v» theirimpact was observedto be suf-  The peak value ob2 /02 in the STND case, 0.4,
ficiently smar I'to warrant their neglectin expression (17). coincides with a meanP of approximately 2 mm
The decomposition of moisture convergence reveals thagiay-!, which is consistent with localization of the
uq0,q is the dominant contribution tf’M .v-v (FIg-  strongest soil moisture-precipitation coupling between
ure 5c¢); thus, moisture advection does S|gn|f|cantly Con-extreme convection regimes. (F& < 2 mm day ',
tribute tos?%, albeit indirectly. cov(E, M,,qV-v) dominatesr2.) Considering the vari-
Like moisture convergence, moisture advection can begnce differences between the STND and fixesimula-
partitioned according to its definition, i.e., tions further highlights the importance of interactivel soi
) P, o moisture tos% (Figure 6a). Note that the variance dif-
Tugtrq = (02Q) 0, +1Uq0p, o +2Uq00qcov(ug, 029)+Radv ferences have been plotted as a function of mean precip-
_ ) o ) (18) itation, which in the simplified set-up here is effectively
where R.q, is a residual consisting of higher-order 5 monotonic function of the distance from the edge of
terms, Rady = E[u' Ood'— < ug0:q" >][2(Up024' +  the convection zone. FdP < 4 mm day !, the differ-
Dpquiy) + (u 0:q'— < ug0uq >)] The largest contri-  ence ino3, (Ao%) can account for all of the difference
bution toc? ,0,q ArISes fromiz 405, ,- Loosely speaking, in 0% (Ac?) between the two simulations; in fact, since
as the preC|p|tat|on profile shifts undze(; variations, the  Ag% > Ac? for low meanP, the difference in the sum
steepest portion of the humidity profile (which occurs on of remaining variance terms is negative. On the other
the weakly-convecting side of the margin) is displaced, hand, at high meaf, Ac? is accounted for by remain-
inducing large variations ip and its horizontal gradient. ing terms (which include covariances wii).
One interpretation of the behavior in Figure 6a is that
b. Evaporation Ac% — Ac% represents a downstream, nonlocal feed-
back to soil moisture perturbations. In this view, a
Of all terms appearlng in (16), the variance associatedsypstantial portion of the precipitation change is real-
with evaporationo?, manifests the largest difference jzed downstream of where tHe contribution toP vari-
between the STND and fixe@icases. In the absence of znce is maximized, i.e., at larger meBnvalues, where
interactive soil moisture perturbations, the contribatio 02] ., dominatess2. Thus, the theP changes as-
of E'to P variance is small everywhere. By contrast, for souated with interactive occur over a larger range of
the STND simulation, the evaporative contribution ap- meanp values (or, equivalently, a larger spatial scale)
proaches and even slightly exceeds the contribution fromhan do the evaporative changes themselves. The nonlo-
moisture convergence at low me&n cality implied byAo?, — Ac% is qualitatively consistent
o3, can be decomposed through its definition: with the analysis of Schar et al., (1999), which stressed
. _2 L the role of horizontal advection (and nonlocality) to soil
oy =FE,05+0 U%p +2BE,cov(3, Ep) + Re (19)  moisture-precipitation coupling.

where R is a residual defined analogously 4., Eff fch h . L
Ry = S[BE,~ < BE, >|2(E,8 + BE) + C. ect of changes to the convective parameterization

(8'E,— < B'E}, >)]. Averaging the terms in the ex- \we also briefly comment on the effect of simulation
pansion (19) over-values close o the maximum 0% physics—specifically, the convective parameterization—
reveals rather nontrivial behavior (Table 1): whEe,oﬂ in determining the degree of locality manifested in the
is the largest term, it is largely balanced by the covari- soil moisture-precipitation coupling. Convective param-
ance betweeg andE,,. The negative covariation gf eterizations represent a significant source of divergence
and £}, can be understood as follows. For an anoma-among current generation climate models, and a wide
lously wet surface’ > 0), surface temperaturgy) de- range of simulated quantities are known to be sensitive
creases. The cooler surface is associated with a loweretb the details of convective parameterizations (Zhang
saturation specific humidity, which yields negatik, and McFarlane, 1995; Maloney and Hartmann, 2001;
sinceE, o« g3 ¢ (Ts) — gsurys- For fixeds, on the other  Gochis et al., 2002; Knutson and Tuleya, 2004). Toiillus-
hand, only the variance associated wiih is nonzero trate how convective parameterizations may affect land



surface-atmosphere coupling, we performed two addi-a. Impact of changing soil moisture holding capacity
tional sets of idealized QTCM1 simulations with lower ] ) ) )

and higher values of the convective adjustment timescaldn Order to estimate soil moisture impacts on the con-
(r.) in the model's Betts and Miller (1986) convection VECtive margin at 55, we consider two experiments in
scheme. The principal impact of decreasing (increasing)VNich wo is set to either 150 mm or 15 mm. Varying

7. is a steepening (flattening) of the mean edge of thewo in this way may be viewed as altering one or more of
convection zone. Decreasingfurther increases precip-  the Physical characteristics of the surface, such as vege-
itation variability unde, perturbations. tation type and fraction of bare soil. A value of 15 mm
approximates a bare, “deforested” surface for which the
soil moisture holding capacity is severely restricted.

The convective margin as simulated by QTCM1 for
wo =150 mm displays a pronounced seasonal cycle
(Figure 7, black line). From January through July, the
convective edge at°® lies near or to the east of the
land-ocean interface. At the beginning of August, the

argin recedes sharply westward, approaching roughly

0°W, or 1300 km from the Atlantic coastline, by the be-
ginning of September. Thereafter, the margin advances

land-atmosphere coupling in models—e.g., the degree 0t?astward through the end of the year. To leading order,

“ ” ) uch seasonality is consistent with the seasonal evolu-
hotspotedness” expressed by a model-can be impacte : . . . . .

. X jon SSTs in the neighboring tropical Atlantic, which are
by model configuration.

coolest when the margin is at its maximum westward po-
sition. In the context of the margins prototype, the cool
ocean surface is associated with lgyy which (for other
6. Example of the soil moisture effect on precipita- factors being more-or-less equal) results:imoccurring
tion seasonality relatively far to the west of the Atlantic coast.

The net impact of reducingy, to 15 mm induces a
Over an annual cycle, the location of peak tropical con-westward shift of the margin of up td2elative to the
vection varies latitudinally with changes in net top-of- simulation with largervy =150 mm. As the margin re-
the-atmosphere radiative heating. Other factors maycedes westward from the land-ocean interface, the sur-
substantially modulate the meridional location of peak face in the nonconvecting region between the coastal in-
convection. In the case of monsoon systems, for ex-flow point andz. begins to dry. Since the, = 15 mm
ample, local land-ocean thermal contrasts may exert surface has a smaller moisture reservoir thamithe=
leading-order influence on the intensity and duration of 150 mm case, it dries more rapidly once the westward
monsoonal rainfall (e.g., Steiner et al.,, 2008). Apart margin recession begins. Thus, the surface inhe=
from the meridional seasonality of tropical precipitation 15 mm case is relatively drier as the margin retreats in-
some zonal seasonality is also evident: for tropical Southland, so the inflowing air must experience further ver-
America, the eastern equatorial Amazon experiences itsical convergence-induced moistening to achievegthe
driest conditions during austral spring (Wang and Fu,threshold, resulting in an overall lengthening of the dis-
2002). Such seasonality is driven both by local land-tance to reach the margin.
ocean thermal contrasts and interactions of convection
with large-scale circulation.

The inflow-evaporative moistening asymmetry de-
scribed in Sections 3 and 4 may potentially contribute to
land region seasonality, which we briefly explore here. To this point, we have not distinguished between the ef-
We limit focus to the seasonal cycle Bfat 5°S over the  fect of soil moisture outside of the convection zone (i.e.,
northeastern corner of South America as simulated bybetween the Atlantic coast ang) relative to the soil
QTCMZ1 configured with realistic geometry, as in Sec- moisture inside. While the interaction with inflow de-
tion 2. The choice of region is motivated by the straight- scribed in previous sections requires outside soil mois-
forward applicability of the LNO7 prototype to the con- ture, interactive soil moisture inside of the convection
vective margin behavior here. Specifically, the circula- zone could also potentially contribute. For example, lo-
tion geometry is relatively simple, consisting of mostly cal evaporative recycling increases precipitation, which
zonal trade wind inflow from the equatorial Atlantic. in turn induces cloud-radiative effects that may alter the

In terms of the variance differences between interac-
tive and fixeds cases, alterations tg. have a demon-
strable impact. Overall, the values &fz% and Ao%
increase as. decreases (Figure 6b). However, the con-
tribution of Ac% to Ac? is seen to decrease as is
reduced, while the peak ako? is shifted deeper into
the convection zone (toward higher mel@an These fea-
tures suggest an increase of the downstream, nonloc
contributions toAc?% as, is reduced. A broader im-
plication of such behavior is that the characteristics of

b. Explicit removal of residual soil moisture outside of
the convection zone
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temperature profile in the vicinity of the margin, thus af- memory is artificially suppressed do not show this asym-
fectingq.(T"). To demonstrate conclusively that it is the metry. While the magnitude of the asymmetry as sug-
soil moisture outside the margin that matters most heregested by QTCM1 simulations under more realistic con-
we performed an additional simulation, this time remov- ditions (e.g., a longitudinal shift of 223for the set-up

ing the soil moisture completely from the outer region in Figure 8) appears modest, it may nevertheless be rele-
once the margin has retreated. Figure 8 illustrates crossvant to the interpretation of the characteristics of trapic
sections of precipitation, evaporation, and soil wetnesdand region precipitation seasonality, such as the timing
at 5°S for this simulation as well as the standard set-upand spatial extent of marginal advances and retreats.

(in gray and black, respectively), averaged over pentads Within QTCM1, we also observed behavior reminis-
50-54. Comparison of the two precipitation profiles in- cent of the hotspots of strong soil moisture-convective
dicates a pronounced shift of the margin, by some 2-3 coupling seen in previous studies such as Koster et al.,
which illustrates the impact of soil moisture outside of (2004). Comparison of simulations with and without

the convection zone. interactive soil moisture suggested amplification of pre-
cCipitation variability via soil moisture by-20% in the
7. Summary and conclusions vicinity of the convective margin. The spatial colocation

of the peak soil moisture-driven precipitation varialilit

We considered here the impacts of soil moisture on pre-increase with convective margins is a fairly robust char-
cipitation from the perspective of tropical land region acteristic of simulated hotspots. We used an idealized
convective margins. The straightforward extension of tropical strip QTCM1 configuration to generate hotspots
the LNO7 convective margins prototype to include the along the margin of the convection zone by imposed per-
effects of soil moisture acting through evaporation pro- turbations to horizontal moisture advection. It is worth
vides some basic intuition about how surface conditionsnoting that, even in the idealized cases considered here
modulate the transition from nonconvecting to convect-analysis of precipitation variance budgets proved chal-
ing conditions over tropical land regions. For the caselenging because of the multiple terms involved, although
of low-level inflow into a convection zone, the integrated the mechanistic understanding of convective margins fa-
effect of evaporation along the inflow trajectory moistens cilitates interpretation of budget behavior. An aspect of
air masses approaching the margin; relative to a compathe budget analysis of particular note is the nonlocality
rable trajectory over a dry surface, the moisture tends toof soil moisture impacts, with a significant portion of the
increase more rapidly along the inflow path, as expectedprecipitation response occurring downstream of where
Given a moisture threshold condition for deep convec-soil moisture (and evaporation) is most variable.
tion to occur, the integrated evaporation effect induces a Alteration of the model’s convection scheme, specif-
shift of the convective margin toward the initial inflow jcally the timescale for convective adjustment, further
location. This shift depends afi as well as factors de-  demonstrates how the characteristics of hotspots may
termining the large-scale convergence along the trajeche affected by model representation of atmospheric pro-
tory, notably the top-of-the-atmosphere radiative heptin cesses. Other “atmospheric-side” factors that may af-
Rioq. Infact, 2 lowers the large-scale convergence, but fect hotspot characteristics, based on this prototype,
for realistic parameters, the direct evaporative moisteninciude top-of-the-atmosphere heating and large-scale
ing dominates over the convergence reduction. convergence; the mean and variance of inflow wind;

The analytic prototype also demonstrates how the landand the convective moisture threshold. These factors in-
surface can affect the variability of the convective mar- teract nonlinearly in setting the convective margin, and
gin. In particular, it was shown under inflow wind they may generate substantial regional variation in mar-
perturbations, inclusion ot yields an asymmetry in  gin sensitivity to perturbations. Together, they provide
the margin displacements: under conditions of strongefan indication of why the strength of simulated land-

low-level flow into the convection zone (anomalous in- atmosphere coupling may vary among models.
flow), marginal displacements are smaller than those for

anomalous outflow conditions of the same magnitude.

The reason for such asymmetry is that, under anomaloug.cknowledgments. The authors thank R. D. Koster and
inflow, the margin moves over a residually wet surface,N. Zeng for insightful discussion and J. E. Meyer-
which moistens the inflow into the convective region and son for graphical assistance. This work was supported
allows the convective threshold to be met sooner than itpartly by National Oceanic and Atmospheric Adminis-
would otherwise. Idealized experiments with an inter- tration NAOBOAR4310882 and NAOBOAR4310597 and
mediate level complexity model, QTCM1, coupled to a National Science Foundation ATM-0645200. JDN ac-
simplified land surface scheme in which soil moisture knowledges sabbatical support from the J. S. Guggen-
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Table and Figure Captions tion forcing. The error bars correspond to the standard
TABLE 1: Breakdown ofa?E for the standard and fixed error,se; = oi/\/ﬁi, of each bin, where; is the stan-

B simulations. Values tabulated are in units of fhm dard deviation of each bin average aNgis the number
day 2. of data points per bin. Also shown in each panel are
FIGURE 1: 3-month seasonal average standard deviathe steady-state analytic solutions estimated from equa-
tions (@) of QTCM1 control run precipitation (a) and ra- tions (13) (no evaporation; black lines) and (15) (residual
tio of control run to fixed3 o (b). The shaded contours evaporation; gray lines).

in (a) are in units of mm day!, while those in (b) are FIGURE 5. Precipitation variance budgets for the
nondimensional. In (b), only those regions where the ra-STND (a) and fixed’ (b) idealized QTCM1 simulations.

tio exceeds 1 are shaded. Line contours denote season8hown are the variances of precipitation (black), compo-

mean precipitation (in mm day). nent variances associated with moisture convergence (or-
FIGURE 2: (a) Dependence of? (equation 12) on  ange), moisture advection (red), and evaporation (green),
top-of-the-atmosphere radiatioR4,,) for different val- and covariances of moisture convergence-moisture ad-

ues of evaporationH). The curves plotted (in units of vection (dark blue), moisture convergence-evaporation
1000 km relative to the inflow point) correspondio= (light blue), and moisture advection-evaporation (pur-
0, 10, and 20 W m? (red, green, and blue respectively). ple). Panel (c) illustrates the decompositiorar@jqpqv_v
Note that a value of,, of 1 m s™! has been assumed. (black) into variances associated with,, (green) and
Dashed vertical lines correspond to asymptotes of u40zq (red) and the covariance &;,,-u,0, ¢ (blue) for
which occur atRioq = —Mypq.(T)M71E. (b) Loga-  the STND simulation (solid lines) and fixgtsimulation
rithmic derivative ofz”Z with respect toE for R, of (dashed lines).

10, 30, 50, and 70 W m? (black, red, green, and blue, FIGURE 6: (a) Variance differences between the
respectlvely) Values given are in units of percent per WSTND and fixeds cases. Shown are the differences for
m—2 o2 (black) ands% (gray), , in units of mr day~2, plot-
FIGURE 3: Time-mean precipitation profiles (solid ted against the meaFr (in mm day!). Also shown is
lines) as simulated by the idealized “tropical strip” con- a% (dashed line; relative to the dimensionless axis on the
figuration of QTCM1 (see text in Section 4a for a right-hand side). (b2 (black) ands (gray) forr, =
detailed description): standard perturbation case with0.5 hrs (squares) ang = 5 hrs (triangles).

stochastic, Gaussian barotropic windfield perturbationsFIGURE 7: Zonal location of the convective margin
of 10 days duration imposed in QTCM1's horizontal over Northeastern South America &%for 5-day (pen-
moisture advection scheme (red); fixdctase, i.e., the tadal) averages. The black (gray) line illustrates the lo-
evaporation efficiency factgt prescribed to atime mean cation of the 2 mm day! precipitation contour for a
value estimated from the standard case (blue); and n&oil moisture holding capacity of 150 (15) mm. (Note
wetness memory, i.e., the total evaporation based on ahat the range of pentads shown covers late May through
functional fit of the relationship betweeli and P ob-  December.) For comparison, the location of the 2 mm
tained from the standard case (green). The dashed linegay—! precipitation contour estimated from the CMAP
are standard deviations of the precipitation profiles for precipitation data (squares, for 1979-2002) is also in-
the standard (red), fixedl (blue), and no wetness mem- cluded. The shaded contours illustrate positive values
ory (green) cases. The distance along the horizontal axi®f soil wetness difference of the 150 mm and 15 mm
has been normalized by the obtained in the absence simulations.

of perturbation forcing, with a value of O denoting the FIGURE 8: Zonal cross-sections of precipitation
land-ocean interface and a value of 1 denoting the no(solid lines), evaporation (dashed lines), and soil wetnes
perturbatione... (squares) for the standard QTCM1 simulation (black)
FIGURE 4: Relationships of convective margin loca- and the simulation with soil moisture explicitly removed
tionsz. to applied windfield perturbatiords., using the ~ when P = 0 (gray). Results shown are averaged over
QTCM1 tropical strip configuration for (alR..a =70  pentads 50-54. The dashed vertical lines and light brown
W m~2 and (b) Rt,, ~26 W m2. The data points arrow indicate the region for which soil moisture is ze-
shown consist of bin-averages accordingit@ values  roed out in this averaging period. The dark brown shad-
with bin widths defined by percentiles of the normal dis- ing highlights that the precipitation field is altered down-
tribution for the standard perturbation (red), “fixed stream of where the soil soil moisture is perturbed.
(blue), and “no wetness memory” (green) experiments.

Thezx,. values represent the margin location on the final

day of each 10-day interval of perturbation, normalized

by the marginz. obtained in the absence of perturba-
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‘ Term ‘ Standard ‘ Fixed g
E.0} 26.9 0
5oy 9.6 0.2
28E,cov(B3, E,) -23.1 0
R Bvap -8.9 0

TABLE 1: Breakdown ofr%, for the standard and fixe@ simulations. Values tabulated are in units of fnday 2.
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FIGURE 1. 3-month seasonal average standard deviatieh®{ QTCM1 control run precipitation (a) and ratio of contrah to
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FIGURE 2: (a) Dependence af? (equation 12) on top-of-the-atmosphere radiatiBp.() for different values of evaporatiorE).
The curves plotted (in units of 1000 km relative to the inflowirg) correspond td = 0, 10, and 20 W m? (red, green, and blue
respectively). Note that a value af, of 1 m s~! has been assumed. Dashed vertical lines correspond to tmgspfz?, which
ocCur atRioq = —Mypqe(T)M;E. (b) Logarithmic derivative ok~ with respect taF for Ry, of 10, 30, 50, and 70 W it
(black, red, green, and blue, respectively). Values giveriraunits of percent per W iit.
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FIGURE 3: Time-mean precipitation profiles (solid lines) as simuldig the idealized “tropical strip” configuration of QTCMle¢s

text in Section 4a for a detailed description): standartljleation case with stochastic, Gaussian barotropic wetdifierturbations

of 10 days duration imposed in QTCM1's horizontal moistuteextion scheme (red); fixe@icase, i.e., the evaporation efficiency
factor 3 prescribed to a time mean value estimated from the standard(blue); and no wetness memory, i.e., the total evaparati
based on a functional fit of the relationship betwéeand P obtained from the standard case (green). The dashed liassaadard
deviations of the precipitation profiles for the standaetl]y fixed3 (blue), and no wetness memory (green) cases. The distance
along the horizontal axis has been normalized byithebtained in the absence of perturbation forcing, with aeaf0 denoting

the land-ocean interface and a value of 1 denoting the nanpationz..
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a) Standard RBa
1.2+

1.1+

— Standard
— Fixedp
0.94 — No wetness memory

— Analytic (no evaporation)
— Analytic (residual evaporation)
0.8 T T T T T T T 1

b) Reduced Ra
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FIGURE 4: Relationships of convective margin locationsto applied windfield perturbation®:, using the QTCML tropical strip
configuration for (a)R:0e ~70 W m~2 and (b)R:0. ~26 W m~2. The data points shown consist of bin-averages accordifig¢to
values with bin widths defined by percentiles of the normatriiution for the standard perturbation (red), “fix@d(blue), and
“no wetness memory” (green) experiments. Thevalues represent the margin location on the final day of e@etiay interval
of perturbation, normalized by the margin obtained in the absence of perturbation forcing. The eraws loorrespond to the
standard errorse; = ai/\/ﬁi, of each bin, where; is the standard deviation of each bin average &nds the number of data
points per bin. Also shown in each panel are the steady-ataiytic solutions estimated from equations (13) (no exatpm;
black lines) and (15) (residual evaporation; gray lines).
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FIGURE5: Precipitation variance budgets for the STND (a) and fig€H) idealized QTCM1 simulations. Shown are the variances
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of precipitation (black), component variances associatiédl moisture convergence (orange), moisture advectied)(rand evap-
oration (green), and covariances of moisture convergemmisture advection (dark blue), moisture convergencearedion (light
blue), and moisture advection-evaporation (purple). Pg@ellustrates the decomposition 0f12quqv,v (black) into variances

associated wittR;.. (green) and.,0.q (red) and the covariance &t;..-u40-q (blue) for the STND simulation (solid lines) and

fixed 8 simulation (dashed lines).
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FIGURE 6: (a) Variance differences between the STND and figeses. Shown are the differencesdér (black) ando? (gray),
, in units of mn? day >, plotted against the meah (in mm day ). Also shown iss3 (dashed line; relative to the dimensionless
axis on the right-hand side). (% (black) ands% (gray) for. = 0.5 hrs (squares) ang = 5 hrs (triangles).
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FIGURE 7. Zonal location of the convective margin over Northeastesnt® America at 3S for 5-day (pentadal) averages. The
black (gray) line illustrates the location of the 2 mm dayprecipitation contour for a soil moisture holding capacifyl50 (15)
mm. (Note that the range of pentads shown covers late Maydghr®ecember.) For comparison, the location of the 2 mnT day
precipitation contour estimated from the CMAP precip@attata (squares, for 1979-2002) is also included. The shealgtours
illustrate positive values of soil wetness difference @& 1#%0 mm and 15 mm simulations.
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FIGURE 8: Zonal cross-sections of precipitation (solid lines), erapion (dashed lines), and soil wetness (squares) fotanelard
QTCM1 simulation (black) and the simulation with soil maoist explicitly removed whe#® = 0 (gray). Results shown are averaged
over pentads 50-54. The dashed vertical lines and light traxow indicate the region for which soil moisture is zeroed in
this averaging period. The dark brown shading highlightg the precipitation field is altered downstream of wheresthiesoil
moisture is perturbed.





