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RESUMEN

Se investigan la distribución mundial, la evolución estacional y los mecanismos subyacentes de la sequía de 
medio verano (MSD, por sus siglas en inglés) mediante un conjunto de observaciones realizadas en estacio-
nes climatológicas y datos de reanálisis con resolución espacial y temporal relativamente alta, con especial 
fiphcuku"gp"nc"equvc"fgn"Rce‡Ýeq"egpvtqcogtkecpq"{"gn"uwt"fg"Ofizkeq0"Cwpswg"nc"OUF"fg"Egpvtqcofitkec"
fguvcec"rqt"uw"eqjgtgpekc"{"guecnc"gurcekcn."pq"gu"gzenwukxc"fg"nc"tgik„p"fgn"Itcp"Ectkdg"pk"pgeguctkcogpvg"
la más intensa del planeta, como lo demuestra un análisis objetivo de varios conjuntos de datos globales de 
precipitación. Se propone un mecanismo para la MSD que relaciona la dependencia latitudinal de los dos 
oƒzkoqu"enkocvqn„ikequ"fg"rtgekrkvcek„p"eqp"gn"etweg"ugoguvtcn"fg"nc"fgenkpcek„p"uqnct."nq"ewcn"fgvgtokpc"
la presencia de dos picos de inestabilidad convectiva y por lo tanto de lluvias. Además de este mecanismo 
nqecn"uwd{cegpvg."wpc"ugtkg"fg"rtqeguqu"tgoqvqu"vkgpfg"c"cnecp¦ct"uw"rwpvq"oƒzkoq"gp"gn"xfitvkeg"fg"nc"OUF0
Dichos procesos incluyen el monzón de Norteamérica, la corriente en chorro de bajo nivel del Caribe y el 
anticiclón subtropical del Atlántico Norte, que también puede suprimir las lluvias a lo largo de la costa del 
Rce‡Ýeq"egpvtqcogtkecpq"{"igpgtct"xctkcdknkfcf"kpvgtcpwcn"gp"nc"hwgt¦c"q"gn"oqogpvq"fg"nc"OUF0"Ukp"go-
dctiq."nqu"jcnnc¦iqu"fg"guvg"guvwfkq"eqpvtcfkegp"gn"rctcfkioc"gzkuvgpvg"fg"swg"nc"OUF"fgdg"uw"gzkuvgpekc"c"
un mecanismo supresor de la precipitación. Por el contrario, a partir del análisis de registros temporales de 
mayor resolución de precipitaciones y variaciones que toman en cuenta la latitud, se sugiere que la MSD 
es básicamente el resultado de un mecanismo de reforzamiento de la precipitación que ocurre dos veces.

ABSTRACT

The global distribution, seasonal evolution, and underlying mechanisms for the climatological midsummer 
drought (MSD) are investigated using a suite of relatively high spatial and temporal resolution station ob-
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ugtxcvkqpu"cpf"tgcpcn{uku"fcvc"ykvj"rctvkewnct"hqewu"qp"vjg"RcekÝe"eqcuv"qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"
Ogzkeq0"Cnvjqwij"vjg"OUF"qh"Egpvtcn"Cogtkec"uvcpfu"qwv"kp"vgtou"qh"urcvkcn"uecng"cpf"eqjgtgpeg." kv" ku"
neither unique to the Greater Caribbean Region (GCR) nor necessarily the strongest MSD on Earth based 
on an objective analysis of several global precipitation data sets. A mechanism for the MSD is proposed that 
tgncvgu"vjg"ncvkvwfkpcn"fgrgpfgpeg"qh"vjg"vyq"enkocvqnqikecn"rtgekrkvcvkqp"oczkoc"vq"vjg"dkcppwcn"etquukpi"
of the solar declination (SD), driving two peaks in convective instability and hence rainfall. In addition to 
vjku"wpfgtn{kpi"nqecn"ogejcpkuo."c"pwodgt"qh"tgoqvg"rtqeguugu"vgpf"vq"rgcm"fwtkpi"vjg"crgz"qh"vjg"OUF."
including the North American monsoon, the Caribbean low-level jet, and the North Atlantic subtropical high, 
yjkej"oc{"cnuq"cev"vq"uwrrtguu"tckphcnn"cnqpi"vjg"RcekÝe"eqcuv"qh"Egpvtcn"Cogtkec"cpf"igpgtcvg"kpvgtcppwcn"
xctkcdknkv{"kp"vjg"uvtgpivj"qt"vkokpi"qh"vjg"OUF0"Jqygxgt."qwt"Ýpfkpiu"ejcnngpig"vjg"gzkuvkpi"rctcfkio"
vjcv"vjg"OUF"qygu"kvu"gzkuvgpeg"vq"c"rtgekrkvcvkqp/uwrrtguukpi"ogejcpkuo0"Tcvjgt."ckfgf"d{"vjg"cpcn{uku"qh"
higher-temporal resolution precipitation records and considering variations in latitude, we suggest the MSD 
is essentially the result of one precipitation-enhancing mechanism occurring twice.

Keywords: Okfuwoogt"ftqwijv."RcekÝe."rtgekrkvcvkqp0

1. Introduction

A successful growing season is aided by the ability to rely on regular or predictable seasonal 

rainfall. Throughout the tropics, the timing and intensity of the rainy season are governed by 

monsoon dynamics, which are driven by local ocean-atmosphere-land interactions, the migration 

of the Intertropical Convergence Zone (ITCZ), and interactions thereof. The climatological 

seasonal cycle of precipitation in the Greater Caribbean Region (GCR) spans roughly May through 

Qevqdgt."cnvjqwij"vjg"gzcev"dgikppkpi"cpf"gpf"fcvgu"xct{"ukipkÝecpvn{"d{"nqecvkqp0"Nqpi"mpqyp"vq"
agriculturally based societies across the global tropics, within the rainy season there is a temporary 

break from monsoon rains. This so-called midsummer drought (MSD), known colloquially by 

“veranillo” or “canícula” in Central America, is such a regular feature of the climatological rainy 

ugcuqp" vjcv" uggfkpi" cpf"itqykpi"rtcevkegu"qh"ocp{" hctogtu"jcxg"dggp" vcknqtgf" urgekÝecnn{" vq"
leverage a biannual monsoon (McLaurin et al., 2008). Previous studies have suggested that the 

GCR is home to the strongest MSD on the planet (e.g., Curtis, 2002).

Vjg"OUF"ycu"Ýtuv" tgrqtvgf" kp" vjg" uekgpvkÝe" nkvgtcvwtg" d{"Rqtvki" *3;83+0"Ftcykpi" qp" vjg"
qdugtxcvkqp"d{"Cnrgtv"*3;67."3;68+"vjcv"vjg"KVE¥"kp"vjg"gcuvgtp"RcekÝe"ocmgu"c"dtkgh"gswcvqtyctf"
gzewtukqp"htqo"kvu"pqtvjgtpoquv"rqukvkqp"fwtkpi"Lwn{/Cwiwuv."Jcuvgptcvj"*3;89+"cumgf"yjgvjgt"vjg"
tgiwnct"ugcuqpcn"e{eng"qh"vjg"KVE¥"ecp"gzrnckp"vjg"OUF0"Ykvj"rtgekqwu"nkvvng"ogvgqtqnqikecn"fcvc."
Jcuvgptcvj"*3;89+"cnuq"fkuewuugf"vjg"rqvgpvkcn"tqng"qh"vjg"Pqtvj"Cvncpvke"uwdvtqrkecn"jkij"*PCUJ+."
yjkej"jcrrgpu"vq"uvtgpivjgp"cpf"gzvgpf"yguvyctf"kpvq"vjg"Ectkddgcp"fwtkpi"Lwn{/Cwiwuv0"Jg"ncvgt"
ujqygf"vjcv"oqfgtp"tgcpcn{uku"fcvc"uwrrqtvu"vjg"tqng"qh"vjg"gcuvgtp"RcekÝe"KVE¥"*Jcuvgptcvj."4224+0"
Following the publication of Hastenrath’s early ideas, nearly three decades passed before interest in 

the MSD was renewed. These three decades were also a period during which climate observations 

vjtqwijqwv"vjg"IET."dqvj"itqwpf/dcugf"cpf"urceg/dqtpg."ygtg"kortqxkpi"cpf"gzrcpfkpi0
Magaña et al."*3;;;+"rtqrqugf"vjcv"vjg"OUF"ecp"dg"gzrnckpgf"kp"vgtou"qh"c"nqecn"ogejcpkuo"

involving lagged feedbacks between sea surface temperature (SST), convection, and surface 

kpuqncvkqp0"Vjg"ctiwogpv"ku"cu"hqnnqyu<"ugcuqpcn"kpuqncvkqp"ecwugu"UUV"kp"vjg"gcuv"RcekÝe"ycto"
rqqn" *GRYR+" vq"ycto" kp" gctn{" uwoogt."yjkej"ftkxgu" eqpxgevkqp" cpf"rtqfwegu" vjg"Ýtuv" rgcm"
in precipitation; at the height of convective activity, surface insolation is reduced due to cloud 

cover, thereby cooling SST, which reduces convection and produces the midsummer precipitation 

okpkowo="Ýpcnn{."yjkng"eqpxgevkqp"ku"cv"c"okpkowo."kpetgcugf"kpuqncvkqp"cickp"yctou"UUV."yjkej"
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results in convection and the second peak in precipitation. It follows that if seasonal forcing was 

eqpuvcpv"*qt"uwoogt"ycu"kpfgÝpkvg+"ykvj"pq"tgoqvg"kpÞwgpegu."vjku"hggfdcem"e{eng"yqwnf"korn{"c"
perpetual oscillation of rainfall peaks and troughs (or MSDs) amidst a general rainy season, with 

a timescale determined by the SST-convection-radiation feedback and governed by the thermal 

tgurqpug"vkoguecng"qh"vjg"qegcp"okzgf"nc{gt0
Following Magaña et al."*3;;;+."vjg"oquv"tgegpv"fgecfg"jcu"uggp"c"ownvkvwfg"qh"vjgqtkgu"hqt"

the MSD. In the most general terms, the biannual structure of the seasonal cycle we refer to as the 

MSD could be the result of one or more precipitation-enhancing processes occurring twice per year: 

once during early summer (May-June) and once during late summer (September-October). The 

relevant processes in early and late summer need not be the same. Alternatively, the MSD could 

be due to one or more precipitation-inhibiting processes occurring once per year: in July-August. 

The MSD may also be the result of local nonlinear air-sea interactions such as those described by, 

e.g.."Jcuvgptcvj"*3;89+"qt"Ocic‚c"et al."*3;;;+0"Hkpcnn{."vjgtg"oc{"dg"ownvkrng"rtqeguugu"cv"yqtm."
any of which may alone be capable of producing a brief annual reduction of precipitation in the 

GCR resembling the MSD.

Ocp{"jcxg"tgegpvn{"ctiwgf"hqt"c"fqokpcpv"tqng"qh"vjg"yguvyctf"kpvgpukÝecvkqp"qh"vjg"PCUJ."
ukoknct"vq"kfgcu"gpxkucigf"d{"Jcuvgptcvj"*3;89+0"Ocrgu"et al. (2005) used a “slowed-calendar” 

simulation of an atmospheric general circulation model to show that thermal disequilibrium in 

vjg"ncpf/cvoqurjgtg"u{uvgo"tguwnvu"kp"c"nguu"rtqpqwpegf"yguvyctf"kpvgpukÝecvkqp"qh"vjg"PCUJ"
and therefore a less pronounced MSD. The model results show that if summer was long enough 

for the land surface temperature to reach equilibrium with seasonal forcing, the NASH would be 

stronger in midsummer and the rainfall reduction would be larger and begin ~1 month earlier. In 

addition to the intrusion of high pressure into the GCR, the NASH may be linked to the MSD 

through its associated easterly trade winds, which are regionally manifest as low-level easterlies, 

vjg"Ectkddgcp"nqy/ngxgn"lgv"*ENNL+."cpf"vjg"Egpvtcn"Cogtkecp"icr"ykpfu0"Hqt"gzcorng."Oguvcu/
Nuñez et al."*4229+"ctiwgf"vjcv"vjg"OUF"ku"vjg"tguwnv"qh"c"okfuwoogt"uvtgpivjgpkpi"qh"vjg"ENNL."
yjkej"eqqnu"UUV"kp"vjg"Ectkddgcp"Ugc"cpf"tgfwegu"eqpxgevkqp0"Ycpi"et al."*4229."422:+."Ow‚q¦"
et al. (2008), Small et al."*4229+."cpf"Zkg"et al. (2008) have presented arguments that the NASH 

cpf"cuuqekcvgf"ENNL"oqkuvwtg" vtcpurqtvu"rctvkcnn{" gzrnckp" vjg"OUF0"Tqogtq/Egpvgpq"et al. 

*4225."4229+"ctiwgf"vjcv"vjg"Vgjwcpvgrge"cpf"Rcrcic{q"icr"ykpfu."yjkej"gzjkdkv"c"ugeqpfct{"
oczkowo" kp"okfuwoogt." ecwug" vjg"OUF"d{"rtgxgpvkpi" vjg" uqwvjgtn{" vtcfg"ykpfu" qxgt" vjg"
GRYR"cpf"eqpxgevkqp"htqo"tgcejkpi"vjg"Egpvtcn"Cogtkecp"eqcuv0"Ukoknctn{."Zkg"et al. (2005) 

theorized that the Tehuantepec and Papagayo gap winds play a role, but that their direct impact 

qp"vjg"GRYR"UUV"ÝgnfÏgurgekcnn{"vjg"Equvc"Tkec"fqogÏoqfwncvgu"eqpxgevkqp"cpf"oc{"gzrnckp"
vjg"OUF0"Uqog"jcxg"ctiwgf"vjcv"vjg"ugcuqpcnkv{"qh"vtqrkecn"e{enqpg"htgswgpe{"jgnru"gzrnckp"vjg"
MSD (e.g., Curtis, 2002; Inoue et al., 2002; Small et al."4229="Nkgdocpp"et al., 2008), while 

others have suggested the Madden-Julian Oscillation (MJO) is involved in producing the MSD 

(e.g., Molinari and Vollaro, 2000). Suppression of precipitation by Saharan dust has also been 

proposed as a mechanism for the MSD (González et al.."4229+0"Nqqmkpi"vq"vjg"hwvwtg."Tcwuejgt"et al. 

(2008) assessed how current coupled GCMs capture the MSD and how the MSD is projected 

to change in response to global warming. They found that the MSD is fairly well represented 

in coupled GCMs despite overall biases, and that the MSD is projected to become stronger, 

including an earlier onset. The long-term changes appear to be accompanied by a westward 

gzrcpukqp"cpf"kpvgpukÝecvkqp"qh"vjg"PCUJ"*kpenwfkpi"vjg"cuuqekcvgf"nqy/ngxgn"gcuvgtnkgu+"cpf"
cp"gswcvqtyctf/fkurncegf"gcuvgtp"RcekÝe"KVE¥0
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The body of work on the MSD to date has implicated several climate processes capable of 

producing interannual variability and/or long-term trends in characteristics of the MSD such as 

its strength and onset. However, it remains unknown what are the basic causal mechanisms for the 

midsummer drought in the GCR. In order to ultimately improve predictions of the seasonal cycle 

of rainfall in the GCR, the causal mechanisms of the MSD, as well as those that contribute to its 

xctkcdknkv{"owuv"dg"dgvvgt"wpfgtuvqqf0"Hqewukpi"qp"vjg"RcekÝe"eqcuv"qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"
Ogzkeq."jgtg"yg"cpcn{¦g"c"uwkvg"qh"tgncvkxgn{"jkij"urcvkcn"cpf"vgorqtcn"tguqnwvkqp"qdugtxcvkqpu"cpf"
propose a simple underlying mechanism for the climatological midsummer drought. The remainder 

qh"vjg"rcrgt"ku"qticpk¦gf"cu"hqnnqyu<"vjg"xctkqwu"fcvc"ugvu"cpcn{¦gf"ctg"fguetkdgf"dtkgÞ{"kp"ugevkqp"
2, observational results are presented in section 3, and the conclusions along with a discussion of 

hwvwtg"tgugctej"fktgevkqpu"ctg"ikxgp"kp"ugevkqp"60

2. Data and methods

A useful characterization of the MSD phenomenon in terms of precipitation requires balancing the 

strengths and limitations of multiple observational data sets, i.e., record length, temporal resolution, 

spatial domain (including whether the ocean is included), spatial resolution, and platform (satellite, 

gauge, blend, etc.). To this end, we acquired and analyzed the following gridded monthly observed 

precipitation data sets: National Oceanic and Atmospheric Administration Land Precipitation (NOAA 

PREC/L; Chen et al., 2002); National Aeronautics and Space Administration Global Precipitation 

Climatology Project (NASA GPCP; Adler et al., 2003); NASA Tropical Rainfall Measuring Mission 

(NASA TRMM; Huffman et al.." 4229+="PQCC"Enkocvg"Rtgfkevkqp"Egpvgt"Ogtigf"Cpcn{uku"qh"
Rtgekrkvcvkqp" *ERE"EOCR="Zkg" cpf"Ctmkp." 3;;9+="Oketqycxg"Uqwpfkpi"Wpkv" *OUW="Urgpegt."
3;;5+="Wpkxgtukv{"qh"Gcuv"Cpinkc/Enkocvg"Tgugctej"Wpkv"*WGC/ETW+"Inqdcn"*Jwnog."3;;4+"cpf"
x0VU403"*Okvejgnn"cpf"Lqpgu."4227+="Wpkxgtukv{"qh"Fgncyctg"*WFGN="Yknnoqvv"cpf"Ocvuwwtc."3;;7+="
Wpkxgtukfcf"Pcekqpcn"Cwv„pqoc"fg"Ofizkeq"*WPCO+"x02827"cpf"x02927="Igtocp"Enkocvg"Tgugctej"
Program (DEKLIM; Beck et al., 2005); NOAA Climate Anomaly Monitoring System (CAMS; 

Lcpqykcm"cpf"Zkg."3;;;+="cpf"PQCC"ERE"Oqtrjkpi"Vgejpkswg"*EOQTRJ="Lq{eg"et al.."4226+0"
For brevity, we do not show the results from all data sets in this paper.

Beginning with each of the monthly gridded observed precipitation data sets, we developed an 

cniqtkvjo"vq"qdlgevkxgn{"ocr"vjg"inqdcn"fkuvtkdwvkqp"qh"vjg"OUF"gzkuvgpeg"cpf"uvtgpivj0"Vjg"guugpeg"
qh"vjg"OUF"gzkuvgpeg1uvtgpivj"cniqtkvjo"*OGUC+"ku"cu"hqnnqyu<"hqt"gxgt{"rqkpv"qp"vjg"inqdg"*qt"
every point in the domain in the case of regional data sets such as UNAM), the algorithm tests for 

vjg"gzkuvgpeg"qh"vjg"OUF"kp"vjg"oqpvjn{"rtgekrkvcvkqp"enkocvqnqi{"cpf."kh"vjg"OUF"ku"rtgugpv"cv"
vjcv"rqkpv."swcpvkÝgu"vjg"uvtgpivj"qh"vjg"OUF0"Uvtgpivj"kp"vjku"ecug"ku"eqpukfgtgf"vq"dg"vjg"tgfwevkqp"
qh"tckphcnn"fwtkpi"vjg"okpkowo"tgncvkxg"vq"vjg"ogcp"qh"vjg"vyq"tckphcnn"oczkoc0"Vjg"cniqtkvjo"ku"
Þgzkdng"cu"kv"fqgu"pqv"a priori"cuuwog"vjg"oqpvju"qh"vjg"vyq"enkocvqnqikecn"rtgekrkvcvkqp"oczkoc."
the month(s) of the minima (i.e., the MSD), or a parametric shape of the seasonal cycle. The 

rtgekrkvcvkqp"enkocvqnqi{"ku"gxcnwcvgf"qdlgevkxgn{"cv"gxgt{"nqecvkqp."cpf"ÐrgcmuÑ"*tgncvkxg"oczkoc+"
that are separated by 1-3 months are searched for. The MESA considers peaks that are separated 

by four or more calendar months to be two distinct rainy seasons, and considers three consecutive 

months containing the three rainiest months of the year to be a single, complete rainy season without 

a MSD. Furthermore, the southern hemisphere calendar is shifted such that at any location on the 

inqdg."vjg"qpn{"ugcuqp"fwtkpi"yjkej"c"rtgekrkvcvkqp"okpkowo"dgvyggp"vyq"oczkoc"yqwnf"pqv"
constitute a MSD is local winter. A schematic illustration of the MESA is provided in Figure 1.
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Hqt"fgvckngf"cpcn{uku"qh"rtgekrkvcvkqp"ykvjkp" vjg"IET."rctvkewnctn{"qwt" hqewu"qp" vjg"RcekÝe"
eqcuv"qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"Ogzkeq."yg"ceswktgf"fckn{"ogvgqtqnqikecn"fcvc"htqo"42"
uvcvkqpu"cnqpi" vjg"RcekÝe"eqcuv"qh"Egpvtcn"Cogtkec"htqo"vjg"KTK1NFGQ"Enkocvg"Fcvc"Nkdtct{0"
Station records of precipitation and surface air temperature analyzed in this study are from the 

NOAA NCDC Global Historical Climatology Network (GHCN) Daily v.1 (Vose et al.."3;;4+0"
Table I provides some details on each station, and Figure 2 shows the geographic distribution of 

the 20 stations. These stations were chosen because they have similar, overlapping temporal records 

urcppkpi"cv"ngcuv"qpg"fgecfg."vjg{"ctg"cnn"eqcuvcn"uvcvkqpu"qp"vjg"RcekÝe"ukfg"qh"vjg"eqtfknngtc."cpf"
vjg{"urcp"vjg"gpvktg"ncvkvwfg"dcpf"qh"Egpvtcn"Cogtkec"htqo"Rcpcoc"kpvq"uqwvjgtp"Ogzkeq0"Vjg"

Hki0"30"Fkcitco" knnwuvtcvkpi" vjg"OUF"gzkuvgpeg1uvtgpivj" cniqtkvjo" *OGUC+"
applied to several global, gridded precipitation data sets in this study. If “yes” 

*ÐpqÑ+"ku"vjg"tgurqpug"vq"c"vguv."vjgp"vjg"itggp"*tgf+"cttqy"ku"vjg"pgzv"uvgr0"Vjg"
kornkecvkqp"qh"tgcejkpi"vjg"tgf"cttqy"octmgf"g"ku"vjcv"vjg"fwtcvkqp"qh"vjg"yqwnf/
dg"OUF"œ"6"oqpvju."yjkej"ku"ctiwcdn{"vqq"nqpi"vq"dg"c"dtgcm"kp"c"tckp{"ugcuqp="
rather, it indicates that there are two distinct climatological rainy seasons. The 

kornkecvkqp"qh"tgcejkpi"vjg"tgf"cttqy"octmgf"く"ku"vjcv"vjg"vjtgg"ygvvguv"oqpvju"
of the year comprise a single peak thus completing a single rainy season without 

c"dtgcm."qt"vjg"fwtcvkqp"qh"vjg"yqwnf/dg"OUF"œ"6"oqpvju0
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period of overlapping temporal coverage shared among all stations (save for sporadic periods of 

okuukpi"fcvc+."cpf"vjgtghqtg"vjg"rgtkqf"hqt"cpcn{uku"qh"uvcvkqp"fcvc"kp"vjku"uvwf{."ku"3;9;/3;;2"*34"
{gctu+0"Qwt"ogvjqf"qh"cxgtcikpi"ycu"ectghwnn{"ejqugp="yg"Ýtuv"crrn{"c"53/fc{"twppkpi"ogcp"vq"vjg"
full 12 years of daily data, and then compute the daily climatology. This is distinct from computing a 

monthly climatology by averaging discrete calendar months or computing a noisy daily climatology 

without prior smoothing. The result is effectively a monthly climatology at daily resolution.

Yg"cnuq"cpcn{¦gf"ucvgnnkvg/fgtkxgf"UUV"cpf"fkcipquvke"Ýgnfu"htqo"inqdcn"cpf"tgikqpcn"tgcpcn{ugu"
at pseudo-stations corresponding to the nearest grid point to and just offshore of each of the 20 

GHCN stations described above and in Table I/Figure 2. The SST data we used are from the NOAA 

Optimal Interpolation (OI) v.2 weekly 1º product (Reynolds et al.."4224"+0"Yg"wvknk¦g"tgcpcn{uku"Ýgnfu"
htqo"vjg"inqdcn"PEGR1PECT"Tgcpcn{uku"Fckn{"V84"rtqfwev"*Mcnpc{"et al.."3;;8+"cpf."gurgekcnn{."
the precipitation-assimilating NCEP North American Regional Reanalysis (NARR) Daily ~0.3º 

product (Mesinger et al.."4228+0"Ukoknct"eqpenwukqpu"dcugf"qp"fkcipquvke"ecnewncvkqpu"ygtg"tgcejgf"
with both the NCEP/NCAR and NARR reanalyses, save for fundamental differences due to spatial 

tguqnwvkqp="hqt"dtgxkv{."yg"ujqy"tguwnvu"htqo"PCTT"qpn{0"C"ectghwn"gxcnwcvkqp"qh"PCTT"Ýgnfu"
cpf"fkuewuukqpu"qh"kvu"swcnkv{"cpf"nkokvcvkqpu"ecp"dg"hqwpf"kp"Pkico"cpf"Twk¦/Dcttcfcu"*4228+"
and Shafran et al. (2005). For consistency with the GHCN daily station precipitation records, the 

rgtkqf"3;9;/3;;2"ku"wugf"vjtqwijqwv"cnn"cpcn{ugu."cpf"vjg"ucog"ogvjqf"qh"eqorwvkpi"vjg"oqpvjn{"
climatology from daily data was used.

3. Results

3.1 Global distribution

Given the multitude of global, gridded land precipitation data sets available, a worthwhile starting 

point for understanding the basic mechanism(s) for the MSD is its global distribution based on the 

Hki0"40"Vqrqitcrjke"ocr"qh"Egpvtcn"Cogtkec."uqwvjgtp"Ogzkeq."cpf"uwttqwpfkpi"tgikqp"*GVQRQ7+"
indicating the locations of the 20 GHCN Daily v.1 stations used in the present study. The four stations 

octmgf"d{"yjkvg"vtkcpingu"ctg"jkijnkijvgf"kp"Hkiwtg"80"Ugg"Vcdng"3"hqt"cffkvkqpcn"fgvcknu"qp"gcej"uvcvkqp0
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objective MESA algorithm described in the previous section. The resulting map from one such 

data set, NOAA PREC/L (Chen et al., 2002), is shown in Figure 3. Even in this land-only data 

set, the global prevalence of the MSD is quite surprising, including South America, south/central 

WU."Lcrcp."vjg"gcuv"eqcuv"qh"Ejkpc."egpvtcn"Chtkec."cpf"eqcuvcn"Cwuvtcnkc0"Vjg"Þgzkdng"pcvwtg"qh"
qwt"OUF"cniqtkvjo"*OGUC+"gpcdngu" knnwokpcvkpi"tgikqpu" vjcv"gzrgtkgpeg"c"dkcppwcn"ugcuqpcn"
cycle of rainfall without the constraint that the mean climatology be parametrically identical to 

that of the GCR. The distribution of biannual precipitation over Africa is rather interesting, with 

a strong biannual signal on either side of the equator, which is probably related to the seasonal 

migration of the ITCZ. The biannual signal hugging the Gulf of Guinea in west and central Africa 

indeed appears to be the strongest on the planet. Despite the fact that the MSD is a more globally 

prevalent feature than previously thought, the MSD over the GCR stands out especially in spatial 

scale and coherence.

Hqewukpi"qp"vjg"IET."ujqyp"kp"Hkiwtg"6"ctg"gswkxcngpv"OUF"fkuvtkdwvkqpu"htqo"RTGE1N"
and three additional precipitation data sets (UNAM, TRMM, and GPCP). Throughout the GCR, 

the MSD stands out as a robust feature of the seasonal climate, especially Central America, 

Ewdc."Jkurcpkqnc."uqwvj"Hnqtkfc"cpf" vjg"Dcjcocu."cpf" vjg"Iwnh"eqcuv"qh"Ogzkeq"cpf"Vgzcu0"
There is remarkable agreement among the four data sets shown regarding the distribution and 

Vcdng"K0"Nkuv"qh"uvcvkqpu"cnqpi"vjg"RcekÝe"eqcuv"qh"uqwvjgtp"Ogzkeq"cpf"Egpvtcn"Cogtkec"wugf" kp" vjku"
study, from the GHCN Daily v.1 (Vose et al.."3;;4+0"Uvcvkqpu"ctg"nkuvgf"kp"fguegpfkpi"qtfgt"qh"ncvkvwfg"
*Ucpcnqpc."Ogzkeq"vjtqwij"Ocectcecu."Rcpcoc+0"Ugg"Hkiwtg"6"hqt"vjg"igqitcrjke"fkuvtkdwvkqp"qh"vjgug"
stations. The period of overlapping temporal coverage shared among all stations (save for sporadic missing 

fcvc+."cpf"vjgtghqtg"vjg"rgtkqf"hqt"cpcn{uku"qh"uvcvkqp"fcvc"kp"vjku"uvwf{."ku"3;9;/3;;2"*34"{gctu+0"Uwthceg"
ckt"vgorgtcvwtg"tgeqtfu"hqt"uvcvkqpu"uqwvj"qh"Ogzkeq"*360:³"P+"ygtg"pqv"cxckncdng0

Station ID  Lat. Lon. Elev. Temporal Location

25081 "460:2"³P" 329037"³Y" 2"o 3;66/3;;: Ucpcnqpc."Ogzkeq
18001 "44072"³P" 327059"³Y" 2"o 3;68/3;;: Cecrqpgvc."Ogzkeq
3:23; "43079"³P" 3260;9"³Y" 587"o 3;75/3;;: Lwocvƒp."Ogzkeq
3627; "42055"³P" 327059"³Y" 847"o 3;73/3;;3 Gn"Vwkvq."Ogzkeq
8223 "3:0;7"³P" 3250;7"³Y" 52"o 3;73/3;;9 Ctogt‡c."Ogzkeq
12052 "390;2"³P" 32309:"³Y" 3;8"o 3;77/3;;: Nc"Wpk„p."Ogzkeq
12012 "380;7"³P" ;;032"³Y" 582"o 3;7:/3;;: C{wvnc."Ogzkeq
4226: "38065"³P" ;7025"³Y" 68"o 3;59/3;;: Lwejkvƒp"fg"¥ctciq¦c."Ogzkeq
9337 "37072"³P" ;5029"³Y" :2"o 3;87/3;;: Octictkvcu."Ogzkeq
923; "360:2"³P" ;4047"³Y" 2"o 3;84/3;;: Ecjwceƒp="pgct"Vcrcejwnc."Ogzkeq
82322 "3607:"³P" ;2074"³Y" 3724"o 3;9;/3;;5 Guatemala City, Guatemala
3800510 "3508:"³P" :;032"³Y" 837"o 3;9;/3;;5 Ilopango; in San Salvador, El Salvador
6::3637 "35055"³P" :90:5"³Y" 42"o 3;9;/3;;5 La Unión, El Salvador
9:946 "35045³P" :9037"³Y" 5;"o 3;9;/3;;5 Choluteca, Honduras
77238 "340::"³P" :8062"³Y" 897"o 3;9;/3;;3 San Dionisio; near Estelí, Nicaragua
8;256 "34032"³P" :7058"³Y" ;2"o 3;9;/3;;2 Juigalpa, Nicaragua
9:996 "32082"³P" :7075"³Y" :7"o 3;9;/3;;3 Liberia, Costa Rica
:6245 "32023"³P" :6048"³Y" :62"o 3;9;/3;;3 Fabio Baudrit; San José, Costa Rica
;:224 " :0;7"³P" :5068"³Y" 38"o 3;9;/3;;4 Palmar Sur, Costa Rica
128005 " 9085"³P" :2083"³Y" 3:2"o 3;9;/3;;5 Macaracas, Panama
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ocipkvwfg"qh"vjg"OUF."rctvkewnctn{"vjg"@"6"oo1fc{"OUF"cnqpi"vjg"RcekÝe"eqcuv"qh"Iwcvgocnc"
cpf"Pkectciwc0"Vjg"VTOO"cpf"IRER"tguwnvu"eqpÝto"vjg"uvtqpiguv"OUF"cnqpi" vjg"Egpvtcn"
Cogtkecp"eqcuvnkpg"cu"ygnn"cu"lwuv"qhhujqtg"kp"dqvj"vjg"gcuvgtp"RcekÝe"cpf"yguvgtp"Ectkddgcp0"
Vjtqwijqwv"vjg"tgockpfgt"qh"vjku"rcrgt."yg"hqewu"qwt"cpcn{uku"qp"vjg"RcekÝe"eqcuv"qh"Egpvtcn"
Cogtkec"cpf"uqwvjgtp"Ogzkeq0

3.2 Seasonal evolution

Vq" gzrnqtg" vjg" urcvkqvgorqtcn" gxqnwvkqp" qh" vjg"OUF."yg" rtgugpv" kp" vjku" cpf" vjg" hqnnqykpi"
uwdugevkqpu"c"ugtkgu"qh"cpcn{ugu"vjcv"xkgy"uvcvkqpu"cnqpi"vjg"RcekÝe"eqcuv"qh"Egpvtcn"Cogtkec"cpf"
uqwvjgtp"Ogzkeq"kfgcnn{"cu"c"hwpevkqp"qh"ncvkvwfg0"Wukpi"vjg"jkij"vgorqtcn"tguqnwvkqp"*fckn{+"uvcvkqp"
precipitation records from locations indicated in Table 1 and Figure 2, shown in Figure 5 are time-

latitude plots of mean climatological 31-day running mean precipitation and rainfall frequency. 

Fgurkvg"fkhhgtgpegu"kp"vqvcn"rtgekrkvcvkqp"qxgt"vjg"{gct."pgctn{"cnn"uvcvkqpu"kp"vjku"fqockp"gzrgtkgpeg"
a biannual cycle of precipitation and therefore an MSD. Total annual rainfall does not depend in 

cp"qdxkqwu"nkpgct"hcujkqp"qp"ncvkvwfg."yjkej"ecp"dg"eqpvtcuvgf"vq"tckphcnn"htgswgpe{0"Oczkowo"
tckphcnn"htgswgpe{"fwtkpi"vjg"tckp{"ugcuqp*u+"fgetgcugu"htqo"@"47"fc{u"rgt"oqpvj"kp"Equvc"Tkec"*;³"
P+"vq"\37"fc{u"rgt"oqpvj"kp"Ukpcnqc."Ogzkeq"*46³"P+0"Jqygxgt."dcugf"qp"gkvjgt"tckphcnn"qt"tckphcnn"
frequency, it is clear that the timing and duration of the MSD is a strong function of latitude. The 

igpgtcn"tckp{"ugcuqp"cttkxgu"Ýtuv"kp"vjg"uqwvjgtp"ncvkvwfgu."rtqrcicvgu"pqtvjyctf"vjtqwij"Egpvtcn"
Cogtkec"cpf"ygnn"kpvq"Ogzkeq."cpf"vjgp"uqwvjyctf."ngcxkpi"kp"dgvyggp"c"tgncvkxg"okpkowo"qh"
rainfall rate and frequency that decreases in duration with latitude. However, it can also be seen 

that the duration of the MSD (i.e.."vjg"vkog"dgvyggp"vjg"Ýtuv"cpf"ugeqpf"rtgekrkvcvkqp"oczkoc+"
is inversely related to latitude, approaching zero at ~23º N.
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Hki0" 50"Inqdcn" fkuvtkdwvkqp" qh" nqecvkqpu" qdlgevkxgn{" fgvgtokpgf" vq" gzjkdkv" c"ogcp"dkcppwcn" e{eng" qh"
precipitation based on the NOAA PREC/L data set (gridded station and satellite blend, land only, 0.5º 

tguqnwvkqp."3;6:/4229+0"Rnqvvgf"ku"vjg"fkhhgtgpeg"dgvyggp"vjg"ogcp"qh"vjg"vyq"tgncvkxg"oczkoc"cpf"vjg"
relative minimum (mm/day), calculated according to the MESA algorithm illustrated in Figure 1.
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The solar declination angle (SD hereafter) is a convenient seasonal pace-keeper with which to 

compare since it is equivalent to the latitude at which the sun is directly overhead at its zenith, and 

therefore represents the latitude at which the most solar radiation is incident upon the top of the 

cvoqurjgtg0"Yjgp"eqorctgf"ykvj"vjg"UF."cnuq"ujqyp"qp"dqvj"rcpgnu"qh"Hkiwtg"7."dqvj"vjg"vqvcn"
rainfall and rainfall frequency follow the seasonal march of the sun, but with a 30-50 day lag. To 

highlight a few stations representative of the range of latitudes shown in Figure 5, time series of 

enkocvqnqikecn"rtgekrkvcvkqp"tcvg"cpf"htgswgpe{"ctg"rtqxkfgf"kp"Hkiwtg"80
Cv"908³"P." vjg"fwtcvkqp"dgvyggp"vjg"Ýtuv"cpf"ugeqpf"oczkoc"kp"tckphcnn"tcvg"cpf"htgswgpe{"

ku"\372"fc{u0"Vjku"fwtcvkqp"fgetgcugu"vq"\342"fc{u"cv"3504³"P."cpf"vq"\;2"fc{u"cv"3806³"P0"Cv"
Ucpcnqpc."Ogzkeq"*460:³"P+."vjgtg"ku"qpn{"c"ukping"oczkowo"kp"tckphcnn"tcvg"cpf"htgswgpe{."i.e., 

no MSD. Clearly, the duration of the MSD at each of these locations is a simple function of how 

gctn{"*ncvg+"vjg"Ýtuv"*ugeqpf+"rtgekrkvcvkqp"oczkowo"cttkxgu0"Ukpeg"vqvcn"tckphcnn"tcvgu"cv"fkhhgtgpv"
uvcvkqpu"cnqpi"vjg"eqcuv"yknn"dg"kpÞwgpegf"d{"ugxgtcn"hcevqtu."Hkiwtg"9"ujqyu"vkog/ncvkvwfg"rnqvu"qh"
precipitation rate and frequency where the values at each station are normalized by the local annual 

mean and seasonal standard deviation. Along with the strong correspondence between seasonal 

tckphcnn"cpf"vjg"UF."qpg"ecp"cnuq"ugg"vjcv."cv"oquv"nqecvkqpu."vjg"ugeqpf"oczkowo"kp"rtgekrkvcvkqp"
tcvg"crrgctu"uvtqpigt"vjcp"vjg"Ýtuv."cpf"vjg"ugeqpf"oczkowo"kp"rtgekrkvcvkqp"htgswgpe{"crrgctu"
vq"ncuv"nqpigt"vjcp"vjg"Ýtuv0"Kv"ku"cnuq"kpvgtguvkpi"vq"kfgpvkh{"vjg"fggrguv"okfuwoogt"okpkowo"kp"
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Hki0"60"Cu"kp"Hkiwtg"5."dwv"hqewugf"qp"vjg"IET"kp"hqwt"itkffgf"rtgekrkvcvkqp"fcvc"ugvu."
including PREC/L (land only, gauge-satellite blend), UNAM (land only, gauge only), 

TRMM (land and ocean, satellite only), and GPCP (land and ocean, gauge-satellite blend).



270 K. B. Karnauskas et al.

pqtocnk¦gf"rtgekrkvcvkqp"ykvjkp"vjg"ncvkvwfg"tcpig"\32/36³"P"yjkej."d{"xktvwg"qh"dgkpi"fktgevn{"
cflcegpv"vq"vjg"yguvgtp"Ectkddgcp"dcukp."oc{"dg"tgncvgf"vq"vjg"oczkowo"ugcuqpcn"uvtgpivj"qh"vjg"
CLLJ as implicated by several previous studies.

Vjg"vkog"nci"qh"52/72"fc{u"dgvyggp"vjg"oczkowo"uqnct"tcfkcvkqp"*hqt"yjkej"yg"wug"UF"cu"c"
rtqz{+"cpf"vjg"ugcuqpcn"oczkoc"kp"tckphcnn"uwiiguv"c"rquukdng"tqng"hqt"uqnct"jgcvkpi"qh"vjg"qegcp"
off the coast of Central America, i.e.."kp"vjg"GRYR."cu"ygnn"cu"vjg"ncpf"uwthceg0"Rtgxkqwu"pwogtkecn"
modeling has shown that the dominant term governing the seasonal and interannual variability of the 

okzgf"nc{gt"jgcv"dwfigv"kp"vjg"GRYR"ku"uwthceg"ujqtvycxg"tcfkcvkqp"*Mctpcwumcu"cpf"Dwucnceejk."
422;+0"Oqtgqxgt."ugcuqpcn"cpcn{uku"qh"oqqtgf"ogcuwtgogpvu"htqo"vjg"GRYR"kpfkecvgu"vjcv"vjg"
oczkowo"UUV"kp"vjg"GRYR"nciu"oczkowo"ujqtvycxg"tcfkcvkqp"d{"\4"oqpvju"*Mctpcwumcu."4229+0"
Ykvj"vjku"kp"okpf."Hkiwtg":"knnwuvtcvgu"vjcv"vjg"Ýtuv"*cuegpfkpi+"rcuu"qh"vjg"uqnct"fgenkpcvkqp"cping"
eqttgurqpfu"vq"vjg"itgcvguv"tcvg"qh"kpetgcug"qh"UUV"*Hki0":c+"cv"rugwfq/uvcvkqpu"cnqpi"vjg"RcekÝe"eqcuv"
qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"Ogzkeq"pgctguv"vq"vjg"chqtgogpvkqpgf"IJEP"uvcvkqpu."ngcfkpi"vq"
oczkowo"UUVu"vjcv."nkmg"rtgekrkvcvkqp."ctg"nciigf"d{"52/72"fc{u"*Fig. 8b). Also lagging the solar 

fgenkpcvkqp"cping."cpf"eqkpekfgpv"ykvj"oczkowo"UUV."ku"oczkowo"pgct/uwthceg"urgekÝe"jwokfkv{"
(Fig. 8c), in this case from the lower-resolution global reanalysis. In late summer and early fall, 

neither SST nor humidity has returned to lower wintertime values, and the second (descending) pass 

qh"vjg"UF"qpn{"tguwnvu"kp"oqfguv"UUV"yctokpi"cpf"c"tgncvkxgn{"okpqt"ncvg/ugcuqpcn"oczkowo"kp"
cduqnwvg"UUV0"Vjg"dkcppwcn"ugcuqpcn"e{eng"qh"cduqnwvg"UUV"ku"qpn{"gxkfgpv"uqwvj"qh"\36³"P="hwtvjgt"
north, the time interval between the ascending and descending SD passes is too short relative to the 

tgurqpug"vkog"qh"vjg"qegcp"okzgf"nc{gt"*3/4"oqpvju+"hqt"UUV"vq"eqqn"fqyp"kp"dgvyggp"cpf"jgpeg"
vjg"ugcuqpcn"oczkowo"cduqnwvg"UUV"rgtukuvu"vjtqwijqwv"vjg"uwoogt0

3.3 Seasonal thermodynamic energy budget

To better understand the thermodynamic processes giving rise to the observed biannual seasonal 

e{eng" qh" rtgekrkvcvkqp" *cpf" cuuqekcvgf"OUF+" cnqpi" vjg"RcekÝe" eqcuv" qh"Egpvtcn"Cogtkec" cpf"
uqwvjgtp"Ogzkeq"cpf"jqy"vjg{"tgncvg"vq"vjg"UF."yg"gzcokpg"fckn{"fkcipquvke"Ýgnfu"htqo"vjg"jkijgt/
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Hki0"70"Vkog/ncvkvwfg"rnqvu"qh"ogcp"enkocvqnqikecn" *3;9;/3;;2+"53/fc{"twppkpi"ogcp"*c+"
tckphcnn"*oo1fc{+"cpf"*d+"tckphcnn"htgswgpe{"*3153"fc{u+"cnqpi"vjg"RcekÝe"eqcuv"qh"Egpvtcn"
Cogtkec"cpf"uqwvjgtp"Ogzkeq."i.e., all 20 stations shown in Figure 2. The solar declination 

angle is denoted by a black line.
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resolution NARR reanalysis data set. Similar to the above analyses of SST and surface humidity, 

we analyze time-latitude depictions at pseudo-stations closely corresponding to the twenty GHCN 

uvcvkqpu"nkuvgf"kp"Vcdng"3."cpf"qhhujqtg"eqwpvgtrctvu0"Fwg"vq"vjg"eqorngz"vqrqitcrj{"qh"vjg"IET"
tgikqp."yjkej"ecp"qpn{"crrtqzkocvgn{"dg"tgrtgugpvgf"d{"c"oqfgn"ykvj"54"mo"urcvkcn"tguqnwvkqp."
and our hypothesis that the seasonal migrations of precipitation following the SD is related to 

warm pool SST, we focus on both coastal (onshore) and offshore pseudo-stations. A map of the 

uqwvjgtpoquv"gzvgpv"qh"vjg"PCTT"fqockp"cpf"vjg"nqecvkqpu"qh"vjg"rugwfq/uvcvkqpu"cpcn{¦gf"kp"
vjku"uwdugevkqp"ku"ikxgp"kp"Hkiwtg";0

Yjkng"eqpxgevkxg"cxckncdng"rqvgpvkcn"gpgti{"*ECRG+"ku"rgtjcru"vjg"oquv"rtgekug"ogcuwtg"qh"
tropical convective potential and is a standard output of the NARR reanalysis product, moist static 

stability (MSS) readily lends itself to decomposition into intuitive terms. The moist static energy 

Hki0"80"Ogcp"enkocvqnqikecn"53/fc{"twppkpi"ogcp"
rainfall (solid lines) and 31-day running sum of 

rain days (dashed lines) at four representative 

stations (denoted as white triangles in Fig. 2). 

All time series are normalized by the local 

annual mean and seasonal standard deviation to 

facilitate comparison. Vertical lines in (a) denote 

vjg" vkokpi"qh"oczkoc" kp" *d/f+"ykvj" vjkempguu"
corresponding to station latitude.
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Hki0":0"Cu"kp"Hkiwtg"9."dwv"hqt"*c+"©UUV1©v."*d+"UUV."
cpf"*e+"4"o"urgekÝe"jwokfkv{"hqt"qhhujqtg"rugwfq/
stations. SST observations are from the NOAA OI 

v.2 weekly 1º resolution data set, and humidity 

data are from the NCEP/NCAR reanalysis daily 

V84"tguqnwvkqp"fcvc"ugv0"Cnn"xcnwgu"ctg"pqtocnk¦gf"
by the local annual mean and seasonal standard 

deviation. Locations used from each data set were 

those offshore points nearest to the GHCN stations 

indicated in Table I and Figure 2.
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*OUG+"qh"cp"ckt"rctegn"ku"fgÝpgf"cu"vjg"uwo"qh"kvu"kpvgtpcn."igqrqvgpvkcn."cpf"ncvgpv"gpgti{0"OUG"
ku"vjwu"ikxgp"d{"vjg"gzrtguukqp

MSE = Cp T + g z + Lv q

where Cp"ku"vjg"urgekÝe"jgcv"hqt"ft{"ckt"cv"eqpuvcpv"rtguuwtg"*3226"L"mi–1 K–1), T is temperature, g 

ku"vjg"ceegngtcvkqp"fwg"vq"itcxkv{"*;0:3"o"u–2), z is height, Lv is the latent heat of vaporization for 

water (2.5 108"J kg–1), and q"ku"urgekÝe"jwokfkv{0"Pqvg"vjcv"vjg"kpvgtpcn"cpf"igqrqvgpvkcn"gpgti{"
terms (Cp T + g z) together constitute the parcel’s dry static energy. Saturation MSE is the same as 

OUG"gzegrv"vjcv"q is replaced with the saturation value, qsat(T, p), a function of temperature and 

rtguuwtg"cnqpg0"Vjg"OUU"ku"vjg"ucvwtcvkqp"OUG"cv"c"tghgtgpeg"ngxgn"*822"jRc+"okpwu"vjg"uwthceg"
MSE, and the air column is unstable if this is negative. The mean climatological moist static 

stability averaged from April 10-November 21 from the NARR is shown as background to the 

ocr"kp"Hkiwtg";0"Qxgt"vjg"qegcpke"tgikqpu."OUU"ku"uvtqpin{"c"hwpevkqp"qh"uwthceg"ckt"vgorgtcvwtg."
which is in turn strongly a function of SST. Hence, areas with strongest moist static instability are 

hqwpf"qxgt"vjg"yctoguv"ogcp"cppwcn"UUV."uwej"cu"cnqpi"vjg"RcekÝe"eqcuv"qh"uqwvjgtp"Ogzkeq"cpf"
in the central Caribbean region.

Before dissecting the terms involved in the thermodynamic energy budget, it is necessary to 

ensure that (a) the NARR captures the observed seasonal evolution of precipitation in the region 

of interest, and (b) MSS is a good surrogate for CAPE. Shown in the left panels of Figure 10 are 

precipitation and normalized precipitation from the NARR. (Results from coastal and offshore 

pseudo-stations are very similar; for brevity we only show the offshore pseudo-station results.) 

Comparing these time-latitude plots with those generated from the daily GHCN station records 

*Hkiu0"7c"cpf"9c+."vjg"PCTT"kpfggf"qhhgtu"c"xgt{"tgcnkuvke"tgpfkvkqp"qh"vjg"OUF"cnqpi"vjg"RcekÝe"
eqcuv"qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"Ogzkeq0"Hwtvjgtoqtg."qwt"ecnewncvgf"OUU"wukpi"c"tghgtgpeg"
ngxgn"qh"822"jRc"enqugn{"okttqtu"vjg"ECRG"Ýgnfu"htqo"vjg"PCTT"rtqfwev"*Hki0"32="vjg"ugcuqpcn"
uvtwevwtg"qh"OUU"ku"gzcokpgf"hwtvjgt"dgnqy+0

Uwthceg"OUG"cpf"822"jRc"ucvwtcvkqp"OUG"ctg"fgeqorqugf"kpvq"vjgkt"vjtgg"eqorqpgpv"vgtou"
and presented in time-latitude format in Figures 11 and 12, respectively. At the surface, the internal 
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energy term is nearly an order of magnitude larger than the latent energy term (Fig. 11, top row), 

meaning the relatively warm temperature of the surface is providing the bulk of the surface MSE. 

However, as is evident in the normalized series of plots (Fig. 11, bottom row), both the dry static 

energy and latent energy contribute strongly to the seasonality of the surface MSE. This is reasonably 

kpvwkvkxg"ukpeg"vjg"ycvgt"xcrqt"rtguuwtg"ku"cp"gzrqpgpvkcn"hwpevkqp"qh"vgorgtcvwtg"ceeqtfkpi"vq"
vjg"Encwukwu/Encrg{tqp"tgncvkqp0"Cu"kpfkecvgf"kp"vjg"wrrgt/nghv"rcpgn"qh"Hkiwtg"34."vjg"822"jRc"
saturation MSE is overall less than the surface MSE throughout the majority of the latitudinally-

fgrgpfgpv"tckp{"ugcuqp0"Cu"ykvj"vjg"uwthceg."vjg"ucvwtcvkqp"OUG"cv"822"jRc"ku"cnuq"fqokpcvgf"d{"
the internal energy term. The geopotential energy term approaches ~15% of the amount contributed 

by internal energy in the northern latitudes, and the latent energy term again mirrors the internal 

gpgti{"vgto"dwv"qpn{"cv"\9'"vjgtgqh0"Gzcokpkpi"vjg"ugeqpf"jcnh"qh"vjg"{gct."vjgtg"ku"c"rctvkewnctn{"
uvtkmkpi"ncem"qh"ucvwtcvkqp"OUG"cv"822"jRc"*Hki0"34."nghv"rcpgnu+."fwtkpi"yjkej"c"ugeqpf."cndgkv"
weaker, equatorward-propagating signal in surface MSE arrives with the SD.

Despite the fact that the mean annual MSE budgets both at the surface and aloft are dominated by 

vjg"kpvgtpcn"gpgti{"vgtou."vjg"ugcuqpcn"xctkcvkqp"cu"c"hwpevkqp"qh"ncvkvwfg"ku"hwpfcogpvcnn{"kpÞwgpegf"
d{"vjg"xctkcvkqp"qh"uwthceg"urgekÝe"jwokfkv{0"Vjku"ku"nkmgn{"fwg"vq"vjg"nctigt"ugcuqpcn"tcpig"qh"urgekÝe"
humidity than surface air temperature, which is again a property owing to the nonlinear nature of the 

Encwukwu/Encrg{tqp"tgncvkqp0"Hqt"gzcorng."vjg"Ýtuv"rgcm"kp"OUU"*fc{"\322+"ku"rtkoctkn{"c"tguwnv"qh"
vjg"kpetgcug"kp"uwthceg"urgekÝe"jwokfkv{"*Hki0"35."dqvvqo"tkijv+0"Hwtvjgtoqtg."vjg"tgncvkxg"oczkowo"
of MSS found near the middle of the year (day ~200), which precedes the second precipitation 

oczkowo"rtqrcicvkpi"gswcvqtyctf"cnqpi"vjg"eqcuv."ku"vjg"qpn{"ucnkgpv"hgcvwtg"qh"vjg"ugcuqpcn"uvtwevwtg"
qh"pqtocnk¦gf"OUU"vjcv"yqwnf"gzkuv"ykvjqwv"vjg"ugcuqpcnkv{"qh"vjg"ncvgpv"gpgti{"vgto0

Hki0"320"Vqr"tqy<"Vkog/ncvkvwfg"rnqvu"qh"enkocvqnqikecn"*3;9;/3;;2+"rtgekrkvcvkqp"*mi"o–2 s–1), convective 

available potential energy (CAPE; J kg–1), and moist static stability (MSS; J kg-1) from the NARR 

offshore pseudo-stations. Bottom row: as in top row but data at each pseudo-station are normalized by 

the local annual mean and seasonal standard deviation. Note that 1 mm/day ~10–5 kg m–2 s–1.

L
a

ti
tu

d
e

Precip. (kg m–2 s–1) CAPE (J kg–1) MSS (J kg–1)

Precip. (norm.) CAPE (norm.) MSS (norm.)

100 200 300

10

15

20

25

100 200 300

10

15

20

25

100 200 300

10

15

20

25

Day

L
a

ti
tu

d
e

100 200 300

10

15

20

25

Day

100 200 300

10

15

20

25

Day

100 200 300

10

15

20

25

0

2

4

6

8

x 10–5

0

1000

2000

–5000

0

5000

10000

15000

–1

0

1

2

–1

0

1

2

–1

0

1

2



275Mechanism for midsummer drought

Having a better understanding of the dominant terms in the seasonal thermodynamic energy 

dwfigv."yg" tgvwtp" vq" vjg" lwzvcrqukvkqp"qh" tckphcnn."UF." cpf"ECRG" *Hki0"36+0"Cnqpi" vjg"RcekÝe"
eqcuv"qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"Ogzkeq."vjgtg"ku"c"engct"dkcppwcn"rtgekrkvcvkqp"ukipcn"vjcv"
uswgg¦gu"vqyctf"c"ukping"cppwcn"oczkowo"cv"qt"xgt{"pgct"vjg"Vtqrke"qh"Ecpegt"*4506³"P+0"Dgvyggp"

Fig. 11. First and second rows: Time-latitude plots of climatological 

*3;9;/3;;2+"uwthceg"oqkuv"uvcvke"gpgti{"*Uhe0"OUG="L"mi–1) and its three 

component terms including Cp T (J kg–1), g z (J kg–1), and Lv q (J kg–1) 

calculated for the NARR offshore pseudo-stations. Third and fourth 

rows: As in top row but data at each pseudo-station are normalized 

by the local annual mean and seasonal standard deviation. Note that 

1 mm/day ~10–5 kg m–2 s–1.
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vjg"vyq"oczkoc"ku"c"tgncvkxg"okpkowo"yg"mpqy"cu"vjg"OUF0"Kp"igpgtcn."vjku"uvtwevwtg"ku"xgt{"
closely aligned with the SD but with a distinct time lag of less than two months. This time-latitude 

gxqnwvkqp"qh"rtgekrkvcvkqp"ecp"dg"ygnn"gzrnckpgf"d{"UF/hqnnqykpi"oczkoc"kp"ECRG."dwv"ykvj"qpg"
qdxkqwu"gzegrvkqp0

Vjg"qpn{"rtgekrkvcvkqp"oczkowo"vjcv"ku"pqv"rtgegfgf"d{"c"ECRG"oczkowo"ku"vjg"rtgekrkvcvkqp"
qeewttkpi"pqtvj"qh"38³"P"fwtkpi"vjg"Ýtuv"jcnh"qh"vjg"{gct."yjkej"ku"tgncvgf"vq"vjg"kpkvkcvkqp"qh"vjg"Pqtvj"

Fig. 12. First and second rows: Time-latitude plots of climatological 

*3;9;/3;;2+"822"jRc"ucvwtcvkqp"oqkuv"uvcvke"gpgti{"*Ucv0"OUG="L"mi–1) 

and its three component terms including Cp T (J kg–1), g z (J kg–1), 

and Lv qsat (J kg–1) calculated for the NARR offshore pseudo-stations. 

Third and fourth rows: as in top row but data at each pseudo-station are 

normalized by the local annual mean and seasonal standard deviation.
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Cogtkecp"Oqpuqqp"U{uvgo"d{"c"nctig/uecng"vjgtocnn{/ftkxgp"nqy"qxgt"eqpvkpgpvcn"Ogzkeq"cpf"
propagating northward and out of the analysis domain (Vera et al., 4228"cpf"tghgtgpegu"vjgtgkp+0"Cnn"
qvjgt"nqecn"tgncvkxg"rtgekrkvcvkqp"oczkoc"ctg"hqwpf"uwdugswgpv"vq"nqecn"tgncvkxg"oczkoc"kp"ECRG."
that is, large values of CAPE destabilize the atmosphere and initiate convection and precipitation, 

Hki0"360"Vkog/ncvkvwfg"rnqvu"qh"enkocvqnqikecn"*3;9;/3;;2+"rtgekrkvcvkqp"*nghv+"cpf"ECRG"*tkijv+"
cnqpi"vjg"RcekÝe"eqcuv"qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"Ogzkeq"cv"vjg"PCTT"qhhujqtg"rugwfq/
uvcvkqpu"*cnn"xcnwgu"pqtocnk¦gf+0"Cu"kp"cnn"rtgxkqwu"Ýiwtgu."vjg"vjkp"dncem"nkpg"kpfkecvgu"vjg"uqnct"
declination angle. The heavy white line on the left panel follows the meridionally propagating 

rtgekrkvcvkqp"oczkoc"cpf"ku"tgrtqfwegf"qp"vjg"tkijv"rcpgn0"Vjg"tgikqp"qwvnkpgf"d{"vjg"fcujgf"jgcx{"
white line indicates seasonal precipitation that is related to the North American monsoon and, 

cu"fkuewuugf"kp"vjg"ockp"vgzv."ku"ogejcpkuvkecnn{"fkuvkpev"htqo"vjg"tgockpfgt"qh"vjg"ogtkfkqpcnn{"
rtqrcicvkpi"rtgekrkvcvkqp"oczkoc0
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seasonal variation of Tsfc, and surface MSE without seasonal variation of qsfc (all values normalized 

by the local annual mean and seasonal standard deviation). Bottom row: as in top row but for moist 

static stability (MSS).
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which, in turn, removes humidity and re-stabilizes the atmosphere, until CAPE builds again with 

vjg"gswcvqtyctf/rcuukpi"UF."ngcfkpi"vq"vjg"ugeqpf"rtgekrkvcvkqp"oczkowo0

4. Summary and conclusion

In this paper, we have presented a novel, objective analysis of the global distribution of the MSD 

phenomenon, and focused on diagnosing its basic underlying mechanism with observations. 

Although there is a robust MSD in the GCR, it is not necessarily the strongest in the world as 

compared to other tropical regions (e.g.."vjg"Iwnh"qh"Iwkpgc+0"Hwtvjgtoqtg."ugxgtcn"gzvtcvtqrkecn"
eqcuvcn" tgikqpu" cnuq" gzjkdkv" c" tqdwuv"OUF" *e.g., China and Japan). Our analyses of daily 

rtgekrkvcvkqp"cpf"fkcipquvke"tgcpcn{uku"Ýgnfu"rqkpv"vq"c"tgncvkxgn{"ukorng"wpfgtn{kpi"ogejcpkuo"
hqt"vjg"enkocvqnqikecn"OUF"cnqpi"vjg"RcekÝe"eqcuv"qh"Egpvtcn"Cogtkec"cpf"uqwvjgtp"Ogzkeq0"
Critical in the mechanism is the solar declination angle, which drives a strong seasonality in 

dqvj"uwthceg"vgorgtcvwtgu"cpf"uwthceg"jwokfkv{0"Vjg"gzvgpv"qh"vjg"ugcuqpcn"rqngyctf"gzewtukqp"
qh"vjg"KVE¥"cv"cp{"nqpikvwfg"ku"nkmgn{"kpÞwgpegf"d{"vjg"ncpf"uwthceg."ykvj"Egpvtcn"Cogtkec"cpf"
Ogzkeq"jcxkpi"qrvkocn"ejctcevgtkuvkeu"hqt"c"nctig"pqtvjyctf"gzewtukqp"fwtkpi"uwoogt0"Cnqpi"
vjg"fguegpfkpi"UF."vjg"gzciigtcvgf"KVE¥"gzewtukqp"tgvwtpu"gswcvqtyctf"cv"vjg"ucog"rceg"cpf"
with appropriate lag to the solar declination. Meanwhile, the still-warm SSTs continue to supply 

enhanced moisture to the daytime thermal circulation and further enhance coastal rainfall by 

virtue of being on the periphery of widespread increased maritime convection and tropical storms.

Vjg"ogejcpkuo"rtqrqugf"jgtg"ku"guugpvkcnn{"cp"gzvgpukqp"qh"Ocic‚cÓu"et al."*3;;;+"j{rqvjguku"
hqt"vjg"Ýtuv"rgcm"vq"vjg"hwnn"dkcppwcn"e{eng."jqygxgt."vjg"fguegpfkpi"rcuu"qh"vjg"uqnct"fgenkpcvkqp"
cping"ku"cnuq"tgurqpukdng"hqt"vjg"ugeqpf"rtgekrkvcvkqp"oczkowo0"Yg"eqpukfgt"vjku"ogejcpkuo"vq"dg"
vjg"ukornguv"rquukdng"qpg."ukpeg"kv"cnuq"ujqwnf"vjgqtgvkecnn{"qeewt"kp"c"yqtnf"ykvjqwv"vjg"kpÞwgpeg"qh"
eqorngz"eqpvkpgpvcn"igqogvt{"cpf"tgswktgu"qpn{"vjcv"vjg"Gctvj"dg"vknvgf0"Jqygxgt."vjku"ogejcpkuo"
ecppqv"gzrnckp"vjg"OUF"gxgt{yjgtg"kp"vjg"yqtnf."ukpeg"*c+"vjgtg"ctg"uqog"nqecvkqpu"qwvukfg"qh"vjg"
tropics (poleward of 23.5º N latitude, where there is only one annual pass of the solar declination 

cping+"vjcv"gzrgtkgpeg"cp"OUF/nkmg"ugcuqpcn"e{eng"qh"rtgekrkvcvkqp"*Hki0"4+."cpf"*d+"vjgtg"ctg"uqog"
tgikqpu"ykvjkp"vjg"vtqrkeu"vjcv"fq"pqv"gzrgtkgpeg"cp"OUF0"Oqtgqxgt."vjg"ogejcpkuo"rtqrqugf"jgtg"
ecp"qpn{"ceeqwpv"hqt"jqy"vjg"enkocvqnqikecn"OUF"wphqnfu"cu"crrtqzkocvgn{"c"hwpevkqp"qh"ncvkvwfg="c"
tkej"ugv"qh"ogejcpkuou"hqt"nqpikvwfkpcn"xctkcvkqpu"kp"vjg"OUF"ykvjkp"vjg"IOT"ycu"gzrnqtgf"d{"Ewtvku"
cpf"Icodng"*4229+0"Qvjgt"tgiwnct"hgcvwtgu"qh"vjg"enkocvqnqi{"uwej"cu"vtqrkecn"e{enqpg"cevkxkv{"oc{"
ceeqwpv"hqt"c"dkcppwcn"oqpuqqp"kp"uqog"qh"vjgug"tgikqpu0"Jqygxgt."hqt"vjg"RcekÝe"eqcuv"qh"Egpvtcn"
Cogtkec"cpf"uqwvjgtp"Ogzkeq."ÐtgoqvgÑ"ogejcpkuou"uwej"cu"vjg"PCUJ"ctg"pqv"guugpvkcn"vq"gzrnckp"
vjg"gzkuvgpeg"qh"vjg"enkocvqnqikecn"OUF"cpf"kvu"kpvgtcppwcn"xctkcdknkv{0"Qpg"j{rqvjguku"ku"vjcv"vjg"
crrgctcpeg"qh"c"yguvyctf/gzvgpfgf"PCUJ"fwtkpi"vjg"OUF"ku"cevwcnn{"c"ocpkhguvcvkqp"qh"vjg"tgfwegf"
convection associated with the MSD rather than a remote cause of the MSD. Nonetheless, our results 

ejcnngpig"vjg"gzkuvkpi"rctcfkio"vjcv"vjg"OUF"ku"vjg"tguwnv"qh"c"fkuvkpev"rtgekrkvcvkqp/uwrrtguukpi"
mechanism. Rather, we suggest that the MSD is essentially the result of the same precipitation-

enhancing mechanism occurring biannually.

The characterization of the MSD as a latitudinally-dependent climatological feature related to 

the SD was made possible by the use of high temporal resolution data; the meridional propagation 

of the monsoon and its lagged correlation with the solar declination angle could easily be missed 

kp"oqpvjn{"cpf"gxgp"rgtjcru"Ýzgf/rgpvcf"fcvc0"Hwvwtg"tgugctej"yknn"cfftguu"vjg"eqpvtkdwvkqp"qh"
qvjgt"rtqeguugu"vjcv"cnuq"vgpf"vq"rgcm"fwtkpi"vjg"crgz"qh"vjg"OUF"cu"vjg{"oc{"dg"guugpvkcn"vq"
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wpfgtuvcpfkpi"kpvgtcppwcn"xctkcdknkv{"cpf"rtgfkevcdknkv{"d{"oqfwncvkpi"tckphcnn"cnqpi"vjg"RcekÝe"
coast of Central America.
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